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1
CONCENTRATED SOLAR ENERGY
COLLECTION, THERMAL STORAGE, AND
POWER GENERATION SYSTEMS AND
METHODS WITH OPTIONAL
SUPPLEMENTAL FUEL PRODUCTION

RELATED APPLICATIONS

This Application is a Continuation of International Patent
Application Serial No. PCT/US2021/025473, filed Apr. 1,
2021, entitled “CONCENTRATED SOLAR ENERGY
COLLECTION, THERMAL STORAGE, AND POWER
GENERATION SYSTEMS AND METHODS WITH
OPTIONAL SUPPLEMENTAL FUEL PRODUCTION”,
which claims priority under 35 U.S.C. § 119 to U.S. Provi-
sional Application Ser. No. 63/092,486, filed Oct. 15, 2020,
entitled “SERIES HEAT EXCHANGER ARRAY FOR
OPERATION OF A GAS TURBINE ENGINE WITH A
REMOTE HEAT SOURCE”. Application PCT/US2021/
025473 also claims priority under 35 U.S.C. § 119 to U.S.
Provisional Application Ser. No. 63/004,468, filed Apr. 2,
2020, entitled “CONCENTRATED SOLAR ENERGY
COLLECTION, STORAGE AND POWER GENERATION
SYSTEMS WITH SUPPLEMENTAL FUEL PRODUC-
TION, and U.S. Provisional Application Ser. No. 63/004,
463, filed Apr. 2, 2020, entitled “CONCENTRATED
SOLAR ENERGY COLLECTION AND STORAGE SYS-
TEMS FOR INDUSTRIAL HEAT TRANSFER APPLICA-
TIONS AND/OR POWER SUPPLY”, each application of
which is herein incorporated by reference it its entirety.

FIELD OF INVENTION

Systems related to concentrated solar combination heat-
ing and/or power generation with optional supplemental fuel
production, and associated methods, are generally described.

BACKGROUND

Mounting concerns over the effect of greenhouse gases on
global climate have stimulated research focused on limiting
greenhouse gas emissions. Solar heating and power genera-
tion is particularly appealing because substantially no green-
house gases are produced when solar radiation is converted
to thermal energy.

Concentrated solar power (CSP) generation using solar
receivers is known in the art. Briefly, concentrated solar
power systems use lenses, mirrors, or other elements to
focus sunlight incident on a relatively large area onto a small
area called a solar receiver. The concentrated sunlight can be
used to heat a fluid within the solar receiver. The fluid heated
within the solar receiver can then be used to drive a turbine
to generate power. Current systems for solar power genera-
tion and CSP often lack the capability to provide consistent
and reliable power generation in circumstances when the sun
is not shining (e.g., during nighttime operation) and/or lack
the flexibility to produce energy for use in applications other
than or in addition to power generation. Furthermore, solar
power generation and CSP systems further lack the ability
on the input side to utilize non-solar sources of heat energy
that may otherwise not be exploited. Accordingly, advances
like those described below would be beneficial.

SUMMARY OF THE INVENTION

Systems related to concentrated solar combination heat-
ing and/or power generation with optional supplemental fuel
production, and associated methods, are generally described.
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According to certain embodiments, a concentrated solar
combination heating and power generation system is
described. The concentrated solar combination heating and
power generation system comprises, in some embodiments,
a solar receiver comprising a fluid chamber comprising a
fluid inlet, a fluid outlet, and an opening for receiving
concentrated solar radiation, a solar absorber housed within
the fluid chamber, and a transparent object that defines at
least a portion of a wall of the fluid chamber, wherein
concentrated solar radiation received through the opening
passes through the transparent object into the fluid chamber
and impinges upon the solar absorber to produce a heated
first fluid having a first pressure that is less than 2 atmo-
spheres. In some embodiments, the concentrated solar com-
bination heating and power generation system comprises a
thermal storage unit comprising a vessel containing a ther-
mal storage medium therein, and having a fluid inlet in
valved fluid communication with the fluid outlet of the fluid
chamber of the solar receiver and a fluid outlet. In certain
embodiments, the concentrated solar combination heating
and power generation system comprises a power generation
system comprising a heat exchange system comprising at
least a first heat exchange unit, the heat exchange system
positioned downstream of the solar receiver and the thermal
storage unit and having an inlet in valved fluid communi-
cation with the fluid outlet of the fluid chamber of the solar
receiver and in valved fluid communication with the fluid
outlet of the thermal storage unit, such that the heat
exchange system can receive the heated first fluid selectively
from either or both of the fluid chamber of the solar receiver
and the thermal storage unit, the heat exchange system being
configured to transfer heat from the heated first fluid to a
second fluid to produce a heated second fluid having a
second pressure, the second pressure being greater than the
first pressure, and a gas turbine in fluid communication with
and downstream of an outlet of the heat exchange system,
configured to receive the heated second fluid at a gas turbine
inlet and generate power therefrom. In certain embodiments,
the concentrated solar combination heating and power gen-
eration system comprises a heated fluid diversion outlet
conduit for diverting at least a portion of the heated first fluid
from the power generation system, the outlet conduit having
an inlet in valved fluid communication with the fluid outlet
of the fluid chamber of the solar receiver and with the
thermal storage unit and positioned upstream of the inlet of
the heat exchange system and the inlet of the thermal storage
unit.

In some embodiments, a concentrated solar combination
heating and power generation system comprises a solar
receiver comprising a fluid chamber comprising a fluid inlet,
a fluid outlet, and an opening for receiving concentrated
solar radiation, a solar absorber housed within the fluid
chamber, and a transparent object that defines at least a
portion of a wall of the fluid chamber, wherein concentrated
solar radiation received through the opening passes through
the transparent object into the fluid chamber and impinges
upon the solar absorber to produce a heated first fluid having
a first pressure that is less than 2 atmospheres. In certain
embodiments, the concentrated solar combination heating
and power generation system comprises a thermal storage
unit comprising a vessel containing a thermal storage
medium therein, and having a fluid inlet in valved fluid
communication with the fluid outlet of the fluid chamber of
the solar receiver and a fluid outlet. In some embodiments,
the concentrated solar combination heating and power gen-
eration system comprises a power generation system com-
prising a heat exchange system comprising at least a first
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heat exchange unit, the heat exchange system positioned
downstream of the solar receiver and the thermal storage
unit and having an inlet in valved fluid communication with
the fluid outlet of the fluid chamber of the solar receiver and
in valved fluid communication with the fluid outlet of the
thermal storage unit such that the heat exchange system can
receive the heated first fluid selectively from either or both
of the fluid chamber of the solar receiver and the thermal
storage unit, the heat exchange system being configured to
transfer heat from the heated first fluid to a second fluid to
produce a heated second fluid having a second pressure, the
second pressure being greater than the first pressure, and a
gas turbine in fluid communication with and downstream of
an outlet of the heat exchange system, configured to receive
the heated second fluid at a gas turbine inlet and generate
power therefrom. According to some embodiments, the
concentrated solar combination heating and power genera-
tion system comprises a fuel-fired combustion unit posi-
tioned upstream of the heat exchange system in fluid com-
munication with the heat exchange system, the fluid
chamber of solar receiver, and the thermal storage unit, and
configured to further heat the heated first fluid prior to
introduction to the heat exchange system and/or to indepen-
dently provide a sufficient quantity of the heated first fluid to
the heat exchange system to power the gas turbine.

In some embodiments, a combination heating and power
generation system is described. The combination heating
and power generation system comprises, in some embodi-
ments, an industrial source of heated fluid between greater
than or equal to 200° C. and less than or equal to 2000° C.
and at a pressure of less than or equal to 2 atmospheres. In
certain embodiments, the combination heating and power
generation system comprises a thermal storage unit com-
prising a vessel containing a thermal storage medium
therein, and having a fluid inlet in valved fluid communi-
cation with a fluid outlet of the industrial source of heated
fluid and a fluid outlet. According to some embodiments, the
combination heating and power generation system com-
prises a power generation system comprising a heat
exchange system comprising at least a first heat exchange
unit, the heat exchange system positioned downstream of the
industrial source of heated fluid and the thermal storage unit
and having an inlet in valved fluid communication with the
fluid outlet of the industrial source of heated fluid and in
valved fluid communication with the fluid outlet of the
thermal storage unit, such that the heat exchange system can
receive the heated fluid selectively from either or both of the
industrial source of heated fluid and the thermal storage unit,
the heat exchange system being configured to transfer heat
from the heated fluid to a second fluid to produce a heated
second fluid having a second pressure, the second pressure
being greater than the first pressure, and a gas turbine in fluid
communication with and downstream of an outlet of the heat
exchange system, configured to receive the heated second
fluid at a gas turbine inlet and generate power therefrom. In
certain embodiments, the combination heating and power
generation system comprises a heated fluid diversion outlet
conduit for diverting at least a portion of the heated first fluid
from the power generation system, the outlet conduit having
an inlet in valved fluid communication with the fluid outlet
of the industrial source of heated fluid and with the thermal
storage unit and positioned upstream of the inlet of the heat
exchange system and the inlet of the thermal storage unit.

In certain embodiments, a combination heating and power
generation system comprises an industrial source of heated
fluid between greater than or equal to 200° C. and less than
or equal to 2000° C. and at a pressure of less than or equal
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to 2 atmospheres. In some embodiments, the combination
heating and power generation system comprises a thermal
storage unit comprising a vessel containing a thermal stor-
age medium therein, and having a fluid inlet in valved fluid
communication with a fluid outlet of the industrial source of
heated fluid and a fluid outlet. According to certain embodi-
ments, the combination heating and power generation sys-
tem comprises a power generation system comprising a heat
exchange system comprising at least a first heat exchange
unit, the heat exchange system positioned downstream of the
industrial source of heated fluid and the thermal storage unit
and having an inlet in valved fluid communication with the
fluid outlet of the industrial source of heated fluid and in
valved fluid communication with the fluid outlet of the
thermal storage unit, such that the heat exchange system can
receive the heated fluid selectively from either or both of the
industrial source of heated fluid and the thermal storage unit,
the heat exchange system being configured to transfer heat
from the heated fluid to a second fluid to produce a heated
second fluid having a second pressure, the second pressure
being greater than the first pressure, and a gas turbine in fluid
communication with and downstream of an outlet of the heat
exchange system, configured to receive the heated second
fluid at a gas turbine inlet and generate power therefrom. In
certain embodiments, the combination heating and power
generation system comprises a fuel-fired combustion unit
positioned upstream of the heat exchange system in fluid
communication with the heat exchange system, the indus-
trial source of heated fluid, and the thermal storage unit, and
configured to further heat the heated fluid prior to introduc-
tion to the heat exchange system and/or to independently
provide a sufficient quantity of the heated fluid to the heat
exchange system to power the gas turbine.

According to certain embodiments, a method of selec-
tively generating power or heat with a concentrated solar
receiver is described. The method comprises, in some
embodiments, flowing a fluid having a pressure less than 2
atmospheres through the concentrated solar receiver to pro-
duce a heated fluid, selectively flowing the heated fluid to at
least one of: a power generating system comprising a heat
exchanger configured to transfer heat from the heated fluid
to a second pressurized fluid, which is fed to a gas turbine
to generate power; a thermal storage unit configured to store
heat derived from the heated fluid; and a heated fluid
diversion outlet conduit positioned upstream of the power
generating system and configured to provide heat for an
industrial process, wherein each of the power generating
system, the thermal storage unit, and the heated fluid diver-
sion outlet conduit are fluidically connected to the solar
receiver.

In some embodiments, a concentrated solar combination
heating system with thermal storage is described. The con-
centrated solar combination heating system with thermal
storage comprises, in some embodiments, a solar receiver
comprising a fluid chamber comprising a fluid inlet, a fluid
outlet, and an opening for receiving concentrated solar
radiation, a solar absorber housed within the fluid chamber,
and a transparent object that defines at least a portion of a
wall of the fluid chamber, wherein concentrated solar radia-
tion received through the opening passes through the trans-
parent object into the fluid chamber and impinges upon the
solar absorber to produce a heated first fluid having a first
pressure that is less than 2 atmospheres. According to certain
embodiments, the concentrated solar combination heating
system with thermal storage comprises a thermal storage
unit comprising a vessel containing a thermal storage
medium therein, and having a fluid inlet in valved fluid
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communication with the fluid outlet of the fluid chamber of
the solar receiver and a fluid outlet. In some embodiments,
the concentrated solar combination heating system with
thermal storage comprises a heat exchange system compris-
ing at least a first heat exchange unit, the heat exchange
system positioned downstream of the solar receiver and the
thermal storage unit and having an inlet in valved fluid
communication with the fluid outlet of the fluid chamber of
the solar receiver and in valved fluid communication with
the fluid outlet of the thermal storage unit such that the heat
exchange system can receive the heated first fluid selectively
from either or both of the fluid chamber of the solar receiver
and the thermal storage unit, the heat exchange system being
configured to transfer heat from the heated first fluid to a
second fluid to produce a heated second fluid, wherein the
heated second fluid is used to supply heat to an industrial
processing unit or is used for space heating purposes, and
wherein the industrial processing unit is free of any gas
turbines and is not used for generating electrical power.

In certain embodiments, a heat supply and storage system
for providing heat to an industrial processing unit is
described. The heat supply and storage system for providing
heat to an industrial processing unit comprises, in some
embodiments, an industrial source of heated fluid between
greater than or equal to 200° C. and less than or equal to
2000° C. and at a pressure of less than or equal to 2
atmospheres. According to certain embodiments, the heat
supply and storage system for providing heat to an industrial
processing unit comprises a thermal storage unit comprising
a vessel containing a thermal storage medium therein, and
having a fluid inlet in valved fluid communication with a
fluid outlet of the industrial source of heated fluid and a fluid
outlet. In some embodiments, the heat supply and storage
system for providing heat to an industrial processing unit
comprises a heat exchange system comprising at least a first
heat exchange unit, the heat exchange system positioned
downstream of the industrial source of heated fluid and the
thermal storage unit and having an inlet in valved fluid
communication with the fluid outlet of the industrial source
of heated fluid and in valved fluid communication with the
fluid outlet of the thermal storage unit such that the heat
exchange system can receive the heated fluid selectively
from either or both of the industrial source of heated fluid
and the thermal storage unit, the heat exchange system being
configured to transfer heat from the heated fluid to a second
fluid to produce a heated second fluid, wherein the heated
second fluid is used to supply heat to an industrial processing
unit or is used for space heating purposes, and wherein the
industrial processing unit is free of any gas turbines and is
not used for generating electrical power.

According to certain embodiments, a concentrated solar
combination heating and power generation system is
described. The concentrated solar combination heating and
power generation system comprises, in some embodiments,
a solar receiver comprising a fluid chamber comprising a
fluid inlet, a fluid outlet, and an opening for receiving
concentrated solar radiation, a solar absorber housed within
the fluid chamber, and a transparent object that defines at
least a portion of a wall of the fluid chamber, wherein
concentrated solar radiation received through the opening
passes through the transparent object into the fluid chamber
and impinges upon the solar absorber to produce a heated
first fluid having a first pressure that is less than 2 atmo-
spheres. In certain embodiments, the concentrated solar
combination heating and power generation system com-
prises a thermal storage unit comprising a vessel containing
a thermal storage medium therein, and having a fluid inlet in
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valved fluid communication with the fluid outlet of the fluid
chamber of the solar receiver and a fluid outlet. In some
embodiments, the concentrated solar combination heating
and power generation system comprises a fuel-fired com-
bustion unit positioned upstream of the heat exchange
system in fluid communication with the heat exchange
system, the fluid chamber of solar receiver, and the thermal
storage unit, and configured to further heat the heated first
fluid prior to introduction to the heat exchange system
and/or to independently provide a sufficient quantity of the
heated first fluid to the heat exchange system to power the
gas turbine. According to certain embodiments, the concen-
trated solar combination heating and power generation sys-
tem comprises a power generation system comprising a heat
exchange system comprising at least a first heat exchange
unit, the heat exchange system positioned downstream of the
solar receiver and the thermal storage unit and having an
inlet in valved fluid communication with the fluid outlet of
the fluid chamber of the solar receiver and in valved fluid
communication with the fluid outlet of the thermal storage
unit, such that the heat exchange system can receive the
heated first fluid selectively from either or both of the fluid
chamber of the solar receiver and the thermal storage unit,
the heat exchange system being configured to transfer heat
from the heated first fluid to a second fluid to produce a
heated second fluid having a second pressure, the second
pressure being greater than the first pressure, a gas turbine
in fluid communication with and downstream of an outlet of
the heat exchange system, configured to receive the heated
second fluid at a gas turbine inlet and generate power
therefrom via an electric generator, and a fuel energy system
positioned downstream of the heat exchange system and
having an inlet in valved fluid communication with a second
outlet of the heat exchange system, configured to receive one
or more of the heated first fluid from the heat exchange
system, and/or electricity produced by the electric generator,
wherein the fuel energy system produces one or more of a
combustible fuel suitable to be combusted by the fuel-fired
combustion unit, electrical power, and/or a pressurized
working fluid suitable to power the gas turbine.

In some embodiments, a combination heating and power
generation system, comprising is described. The combina-
tion heating and power generation system comprises, in
some embodiments, an industrial source of heated fluid
between greater than or equal to 200° C. and less than or
equal to 2000° C. and at a pressure of less than or equal to
2 atmospheres. In certain embodiments, the combination
heating and power generation system comprises a thermal
storage unit comprising a vessel containing a thermal stor-
age medium therein, and having a fluid inlet in valved fluid
communication with a fluid outlet of the industrial source of
heated fluid and a fluid outlet. According to some embodi-
ments, the combination heating and power generation sys-
tem comprises a fuel-fired combustion unit positioned
upstream of the heat exchange system in fluid communica-
tion with the heat exchange system, the industrial source of
heated fluid, and the thermal storage unit, and configured to
further heat the heated fluid prior to introduction to the heat
exchange system and/or to independently provide a suffi-
cient quantity of the heated fluid to the heat exchange system
to power the gas turbine. In certain embodiments, the
combination heating and power generation system com-
prises a power generation system comprising a heat
exchange system comprising at least a first heat exchange
unit, the heat exchange system positioned downstream of the
industrial source of heated fluid and the thermal storage unit
and having an inlet in valved fluid communication with the
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fluid outlet of the industrial source of heated fluid and in
valved fluid communication with the fluid outlet of the
thermal storage unit, such that the heat exchange system can
receive the heated fluid selectively from either or both of the
industrial source of heated fluid and the thermal storage unit,
the heat exchange system being configured to transfer heat
from the heated fluid to a second fluid to produce a heated
second fluid having a second pressure, the second pressure
being greater than the first pressure, a gas turbine in fluid
communication with and downstream of an outlet of the heat
exchange system, configured to receive the heated second
fluid at a gas turbine inlet and generate power therefrom via
an electric generator, and a fuel energy system positioned
downstream of the heat exchange system and having an inlet
in valved fluid communication with a second outlet of the
heat exchange system, configured to receive one or more of
the heated first fluid from the heat exchange system, and/or
electricity produced by the electric generator, wherein the
fuel energy system produces one or more of a combustible
fuel suitable to be combusted by the fuel-fired combustion
unit, electrical power, and/or a pressurized working fluid
suitable to power the gas turbine.

In certain embodiments, a power generation system able
to generate power from a solar receiver and/or an industrial
source of heated fluid between 700° C. and 1300° C., or
between 700° C. and 1800° C. and at a first pressure of less
than or equal to 2 atmospheres is described. In some
embodiments, the power generation system comprises a heat
exchange system comprising at least a first heat exchange
unit and a second heat exchange unit configured in series,
the heat exchange system positioned downstream of the
solar receiver and/or industrial source of heated fluid and
having an inlet in valved fluid communication with the fluid
outlet of the solar receiver and/or industrial source of heated
fluid, wherein the heat exchange system is configured to
transfer heat from the heated fluid to a second fluid to
produce a heated second fluid. In certain embodiments, the
power generation system comprises a gas turbine in fluid
communication with and downstream of an outlet of the heat
exchange system, configured to receive the second heated
fluid at a gas turbine inlet and generate power therefrom.

According to certain embodiments, a power generation
system able to generate power from solar receiver and/or an
industrial source of heated fluid up to 1700° C., or up to
1800° C., and in certain cases up to 2000° C. or more, and
at a first pressure of less than or equal to 2 atmospheres
comprises a heat exchange system comprising at least a first
heat exchange unit and a second heat exchange unit config-
ured in series, the heat exchange system positioned down-
stream of the solar receiver and/or industrial source of
heated fluid and having an inlet in valved fluid communi-
cation with the fluid outlet of the solar receiver and/or
industrial source of heated fluid, wherein the heat exchange
system is configured to transfer heat from the heated fluid to
a second fluid to produce a heated second fluid. In certain
embodiments, the power generation system comprises a gas
turbine in fluid communication with and downstream of an
outlet of the heat exchange system, configured to receive the
second heated fluid at a gas turbine inlet and generate power
therefrom.

Other advantages and novel features of the present inven-
tion will become apparent from the following detailed
description of various non-limiting embodiments of the
invention when considered in conjunction with the accom-
panying figures. In cases where the present specification and
a document incorporated by reference include conflicting
and/or inconsistent disclosure, the present specification shall
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control. If two or more documents incorporated by reference
include conflicting and/or inconsistent disclosure with
respect to each other, then the document having the later
effective date shall control.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting embodiments of the present invention will
be described by way of example with reference to the
accompanying figures, which are schematic and are not
intended to be drawn to scale. In the figures, each identical
or nearly identical component illustrated is typically repre-
sented by a single numeral. For purposes of clarity, not every
component is labeled in every figure, nor is every compo-
nent of each embodiment of the invention shown where
illustration is not necessary to allow those of ordinary skill
in the art to understand the invention. In the figures:

FIG. 1A shows, in accordance with certain embodiments,
a schematic diagram of sunlight operation of a concentrated
solar combination heating and power generation system for
both heat energy production and power generation;

FIG. 1B shows, in accordance with certain embodiments,
a schematic diagram of sunlight operation of a concentrated
solar combination heating and power generation system for
heat energy production only;

FIG. 1C shows, in accordance with certain embodiments,
a schematic diagram of sunlight operation of a concentrated
solar combination heat energy production and power gen-
eration system for power generation only;

FIG. 2A shows, in accordance with certain embodiments,
a schematic diagram of operation from storage of a concen-
trated solar combination heat energy production and power
generation system for both heat energy production and
power generation;

FIG. 2B shows, in accordance with certain embodiments,
a schematic diagram of operation from storage of a concen-
trated solar combination heat energy production and power
generation system for heat energy production only;

FIG. 2C shows, in accordance with certain embodiments,
a schematic diagram of operation from storage of a concen-
trated solar combination heat energy production and power
generation system for power generation only;

FIG. 3 shows, in accordance with certain embodiments, a
schematic diagram of fuel operation of a concentrated solar
combination heat energy production and power generation
system for heat energy production and power generation;

FIG. 4A shows, in accordance with certain embodiment,
a schematic diagram of sunlight operation of a concentrated
solar heating system;

FIG. 4B shows, in accordance with certain embodiments,
a schematic diagram of operation from storage of a concen-
trated solar heating system;

FIG. 5A shows, in accordance with certain embodiments,
a schematic diagram of operation of a waste heat utilization
and storage system for heat energy production and power
generation;

FIG. 5B shows, in accordance with certain embodiments,
a schematic diagram of operation from storage of a waste
heat utilization and storage system for heat energy produc-
tion and power generation;

FIG. 6 shows, in accordance with certain embodiments, a
schematic diagram of a solar receiver;

FIG. 7A-7B show, in accordance with certain embodi-
ments, a schematic diagram of a plurality of transparent
objects that can form a segmented window of a solar
receiver of some embodiments;
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FIG. 8 A shows, in accordance with certain embodiments,
a schematic diagram of sunlight operation of a concentrated
solar combination heating and power generation system with
a fuel energy system for supplemental fuel production;

FIG. 8B shows, in accordance with certain embodiments,
a schematic diagram of operation of a waste heat utilization
and storage system with a fuel energy system for supple-
mental fuel production;

FIG. 9 shows, in accordance with certain embodiments, a
schematic diagram of operation of a heat (e.g., waste heat or
other non-solar heat source) utilization system for power
generation; and

FIG. 10 shows, in accordance with certain embodiments,
a schematic diagram depicting a dual heat exchanger array.

DETAILED DESCRIPTION

Systems related to concentrated solar combination heat
energy production and power generation, and associated
methods, are generally described. In some embodiments, the
concentrated solar combination heat energy production and
power generation systems include a solar receiver config-
ured to heat a fluid at a relatively low-pressure (e.g., less
than or equal to 2 atmospheres). In certain such embodi-
ments, the working fluid that is heated is ambient air, and
power generation utilizes a Brayton thermodynamic cycle
system, as described in further detail below and in Interna-
tional Patent Application Serial No. PCT/US2011/052051,
filed Sep. 16, 2011, and entitled, “Concentrated Solar Power
Generation Using Solar Receivers” and International Patent
Application Serial No. PCT/US2013/031627, filed Mar. 21,
2012, and entitled “Multi-Thermal Storage Unit Systems,
Fluid Flow Control Devices, and Low Pressure Solar
Receivers for Solar Power Systems and Related Compo-
nents and Uses Thereof”, both of which are incorporated
herein by reference in their entirety. Alternatively, an indus-
trial source of heated fluid (e.g., hot air or combustion gases,
such as from a flue-gas stack) may be used in place of or in
addition to/in parallel with the solar receiver to provide the
heated fluid for use in the power generation/heat energy
production system at a relatively low-pressure. The low-
pressure heated fluid may then be selectively transferred
(e.g., from the solar receiver or the industrial source of
heated fluid) to a thermal storage system, a heat exchange
system, a power generation system, and/or a heated fluid
diversion outlet conduit.

The thermal storage system may be used to store sensible
heat from the low-pressure heated fluid. which can be used
during periods of little or no sunlight, such as during cloudy
days or nighttime operation. The thermal storage system can
be useful for operating the power cycle during periods of
little or no sunlight, such as during nighttime operation, for
example, by providing heat to the low-pressure working
fluid in addition to or in place of the heat provided by the
solar receiver and/or industrial source of heated fluid.

The heat exchange system may be used to transfer heat
from the low-pressure heated working fluid to a compressed
high-pressure fluid, which can then be used to power a
turbine (e.g., a gas turbine) as part of, for example, a Brayton
cycle. In some aspects, power produced by the turbine may
be used, for example, to add to an electricity distribution grid
and/or to power an industrial processing unit, such as a
desalination system. In addition, the exhaust of the gas
turbine, which may in some cases be recycled and used as
(or supplement) the low-pressure heated fluid, may be
selectively transferred to the thermal storage system and/or
the solar receiver. Certain embodiments described herein
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may utilize a heat exchange unit to provide a high-pressure
or a low-pressure heated fluid for industrial or residential
space heating or other purposes where thermal energy is
needed without including a power generation system.

Even in certain systems with power generation capabili-
ties, for added flexibility and utility, a heated diversion outlet
conduit is provided that may be configured such that at least
a portion of the low-pressure heated fluid (e.g., from the
solar receiver or the thermal storage unit) can be diverted
away from the power generation system (e.g., the heat
exchange system and turbine). The diverted heated fluid may
be used to provide heat for general space heating purposes
and/or to provide heat for an industrial process.

The systems described herein may also utilize a fuel-fired
combustion unit that is configured to further heat (e.g.,
boost) the low-pressure heated fluid prior to introducing the
heated first fluid to the heat exchange system for use in
power generation or heat energy production. In order to
increase the overall efficiency of the system, a make-up inlet
conduit may also be used to introduce make-up and/or
recycled fluid (e.g., from the industrial processing unit
and/or the turbine exhaust, as described above) into the
system. In some cases, the make-up inlet conduit may be
configured to provide additional ambient air to the system,
which may be useful, for example, for regulating the flow of
fluid through the system.

Some embodiments may be used in coordination with
solar power tower systems (also known as central tower
solar power plants or heliostat solar power plants). In certain
embodiments, such systems include a plurality of heliostats
arranged to redirect sunlight toward the top of a collector
tower, sometimes called a central tower, on which one or
more solar receivers are mounted. In some embodiments, a
gas turbine and/or compressor, used for power generation,
can be mounted, along with the solar receiver, at the top of
or otherwise within or in proximity to and operatively
associated with the solar tower. In certain embodiments,
other components, such as a thermal storage system can also
be mounted at the top of, or within other parts of, or
operatively associated with the tower. In some embodi-
ments, provision is made for adjusting the angle of the solar
receiver relative to the ground and to ground-mounted
heliostats. The angle can be adjusted, in certain embodi-
ments, based on tower height, heliostat field size and/or
shape, and/or latitude.

Solar Receiver

In certain embodiments, the solar receiver described
herein is also described in International Patent Application
Serial No. PCT/US2011/052051, filed Sep. 16, 2011, and
entitled, “Concentrated Solar Power Generation Using Solar
Receivers” and International Patent Application Serial No.
PCT/US2013/031627, filed Mar. 21, 2012, and entitled
“Multi-Thermal Storage Unit Systems, Fluid Flow Control
Devices, and Low Pressure Solar Receivers for Solar Power
Systems and Related Components and Uses Thereof”, which
are both incorporated by reference in their entirety as
mentioned above. In some embodiments, a solar receiver
(e.g., low-pressure solar receiver) is provided that may be
used in conjunction with systems and methods disclosed
herein. The solar receiver functions, at least in part, to
convert solar radiation energy to thermal energy of a work-
ing fluid (e.g., a working fluid of the system). In certain
embodiments, the solar receiver comprises a fluid chamber
(e.g., a low-pressure fluid chamber). In some embodiments,
the solar receiver comprises a solar absorber housed within
the fluid chamber. In some embodiments, the fluid chamber
is designed and constructed, at least in part, to provide an
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insulated casing that acts to reduce or eliminate thermal
losses from the solar receiver, to contain a working fluid
(e.g., a low-pressure working fluid), and/or to provide a
support structure for a solar absorber. According to some
embodiments, the fluid chamber comprises a fluid inlet, a
fluid outlet, and an opening for receiving concentrated solar
radiation.

According to certain embodiments, the solar receiver
comprises one or more transparent objects (e.g., individually
or together forming a window(s)). In some embodiments,
the transparent object defines at least a portion of a wall,
which may be the outermost wall, of the fluid chamber. For
example, in some embodiments, the transparent object may
be positioned adjacent to the opening for receiving solar
radiation. The transparent object functions, at least in part, to
contain the working fluid (e.g., low-pressure working fluid),
to permit solar radiation to pass into the solar receiver, where
the radiation impinges the solar absorber), and to eliminate
or reduce thermal losses associated with re-radiation from
the solar absorber. In some cases, as described below, to
reduce manufacturing and/or construction costs and/or to
provide fluid gaps for providing fluid communication
between the fluid chamber of the solar receiver and a
surrounding environment to maintain ambient or near ambi-
ent operating pressures, the window may be segmented and
formed from a plurality of adjacent transparent objects with
gaps between the segments that are not fluid pressure tight.

In some embodiments, secondary concentrators are pro-
vided. The secondary concentrator may provide, at least in
part, a mechanism for collecting concentrated solar radiation
from a primary concentrator (e.g., a heliostat field), and
directing that solar radiation into the opening of the fluid
chamber. The secondary concentrator can improve the solar
collection efficiency of the solar receiver. In some embodi-
ments, the second concentrator is constructed with a plural-
ity of reflective panels, each reflective panel typically having
a reflective surface and a predetermined shape. The plurality
of reflective panels are typically arranged in a configuration
that facilitates reflection of incident solar radiation toward
the receiver opening. In certain embodiments the secondary
concentrator includes cooling pipes that function in part to
deliver cooling fluid to and from a cooling passage within
each reflective panel.

As mentioned above, in some embodiments, the solar
receiver is designed and configured to operate at ambient or
at low-pressure (e.g., less than or equal to 2 atmospheres,
less than or equal to 1 atmospheres, at approximately 1
atmosphere absolute pressure). Therefore, the low-pressure
components (e.g., solar receiver, fluid chamber, solar
absorber, etc.) can be constructed using less material and
fewer design constraints than is typically needed for solar
receivers that are subjected to higher pressures, while also
being relatively inexpensive to manufacture and relatively
safe to operate. Moreover, the low-pressure design enables
the use of relatively large (e.g., 1 meter to 5 meters in
diameter) transparent objects that enable a high solar col-
lection capacity, compared to pressurized systems in which
large windows can rupture at high-pressures. Thus, accord-
ing to some embodiments, the low-pressure solar receivers
have a lower cost of production and a significantly larger
collection capacity than currently available solar receivers.

FIGS. 1A-1C show, in accordance with certain embodi-
ments, schematic diagrams of exemplary concentrated solar
combination heating and power generation systems. The
fluid streams in the figures can generally be divided into
active streams containing a working fluid (illustrated as solid
lines in the figures, such as, for example, streams 16 and 18
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in FIG. 1B) and closed streams through which substantially
no working fluid is being transported during the phase of
operation being illustrated (illustrated as dotted lines in the
figures, such as, for example, streams 28, 29, and 32 in FIG.
2A).

Concentrated Solar Radiation Producing Heated Fluid

FIG. 1A illustrates an exemplary combined power gen-
eration and heat energy production system as configured for
daytime solar operation for heat and electricity. Referring to
FIG. 1A, system 10 comprises solar receiver 14, which is
constructed and arranged such that a least a portion of the
solar receiver, such as window 13 in FIGS. 1A-1C, is
exposed to incident solar radiation 12. In some embodi-
ments, concentrated solar radiation is received, for example
from one or more reflectors or heliostats, through the win-
dow and passes into the fluid chamber of the solar receiver.
In certain embodiments, the concentrated solar radiation
passes through the window 13 into the fluid chamber and
impinges upon the solar absorber within the fluid chamber.
The energy from the incident solar radiation can be used to
heat a fluid within the solar receiver to produce a heated fluid
(a heated first fluid). In certain embodiments, the working
fluid that is heated by the solar receiver is air.

According to some embodiments, the heated fluid from
the solar receiver may have any of a variety of suitable
temperatures. For example, in some embodiments, the
heated fluid from the solar receiver may have a temperature
of greater than or equal to 200° C., greater than or equal to
300° C., greater than or equal to 400° C., greater than or
equal to 500° C., greater than or equal to 600° C., greater
than or equal to 700° C., greater than or equal to 800° C.,
greater than or equal to 900° C., greater than or equal to
1000° C., greater than or equal to 1100° C., greater than or
equal to 1200° C., greater than or equal to 1300° C., or
greater than or equal to 1400° C., greater than or equal to
1500° C., greater than or equal to 1600° C., greater than or
equal to 1700° C., greater than or equal to 1800° C., or
greater than or equal to 1900° C. In some embodiments, the
heated fluid from the solar receiver has a temperature of less
than or equal to 2000° C., less than or equal to 1900° C., less
than or equal to 1800° C., less than or equal to 1700° C., less
than or equal to 1600° C., less than or equal to 1500° C., less
than or equal to 1400° C., less than or equal to 1300° C., less
than or equal to 1200° C., less than or equal to 1100° C., less
than or equal to 1000° C., less than or equal to 900° C., less
than or equal to 800° C., less than or equal to 700° C., less
than or equal to 600° C., less than or equal to 500° C., less
than or equal to 400° C., or less than or equal to 300° C.
Combinations of the above recited ranges are also possible
(e.g., the heated fluid form the solar receiver has a tempera-
ture of greater than or equal to 200° C. and less than or equal
to 2000° C., the heated fluid form the industrial source has
a temperature of greater than or equal to 800° C. and less
than or equal to 1000° C.). Other ranges are also possible. In
certain embodiments, the heated fluid from the solar receiver
may have temperatures greater than 1800° C., such as 2000°
C. or more. In some such embodiments, or in any situation
where a temperature of the heated fluid exceeds the safe
operating limits of any equipment with which it will or may
be in contact during operation of a system disclosed herein,
the temperature can be adjusted (i.e., lowered) by mixing the
heated fluid with a similar but lower temperature fluid (e.g.,
atmospheric air) (e.g. via a controllable inlet line in fluid
communication with the atmosphere or other source of
cooler fluid). Indeed, such mixing may be used generally
used to adjust temperatures of process fluid to desired levels
even in situations where the temperature may not initially
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exceed design or safe operating temperatures of the equip-
ment. When any temperature or temperature range is
described herein, it should be understood that it may be
necessary or desirable to use the above described mixing/
cooling technique to selectively reduce the temperature of
the heated fluid to safe or desired levels at one or more points
in the system handling the heated fluid.

In some embodiments, the solar receiver can be con-
structed and arranged to operate at ambient or relatively
low-pressures. For example, in certain embodiments, the
pressure of the fluid within the solar receiver (and/or within
any fluidic pathway in direct fluid communication with the
solar receiver) can be less than or equal to 2 atmospheres,
less than or equal to 1.5 atmospheres, less than or equal to
1 atmosphere, or about 1 atmosphere absolute pressure. In
some embodiments, the pressure of the fluid within the solar
receiver is greater than or equal to 0.1 atmospheres, greater
than or equal to 0.5 atmospheres, about 1 atmosphere,
greater than or equal to 1 atmosphere, greater than or equal
to 1.5 atmospheres. Combinations of the above recited
ranges are also possible (e.g., the pressure of the fluid within
the solar receiver is less than or equal to 2 atmospheres and
greater than or equal to 0.1 atmospheres, the pressure of the
fluid within the solar receiver is less than or equal to 1.5
atmospheres and greater than or equal to 0.5 atmospheres).
Other ranges are also possible.

In some embodiments, the solar receiver can be con-
structed and arranged such that the fluid within the solar
receiver is not compressed, with the exception of incidental
compression that might occur due to the heating and/or
transport of the fluid, before being transported to the solar
receiver. For example, in some embodiments, the fluid
within the solar receiver is substantially equal to the pressure
of the surrounding environment. The reduced pressures
within the solar receiver during operation can allow a
“window” of the solar receiver (e.g., one or more transparent
objects of the solar receiver through which sunlight passes
to heat the fluid in the solar receiver) to be made signifi-
cantly larger for a given thickness and weight, as compared
to other relatively high-pressure solar receivers. For
example, high-pressure solar receivers may be limited to a
window size of no more than about 60 cm diameter, whereas
a solar receiver in some embodiments described herein may
have a window size up to about 150 cm or more. In some
embodiments, the solar receivers have a window size of 4
meters or more. Additional details related to the design and
operation of the solar receiver are described in more detail
below.

As explained above, in some embodiments, the energy
from the incident solar radiation can be used to heat a fluid
within the solar receiver, thereby producing a heated fluid
(e.g., a heated first fluid). In certain embodiments, the heated
fluid may have any of a variety of suitable pressures (e.g.,
first pressures). For example, in some embodiments, the
heated fluid has a pressure of less than 2 atmospheres.
According to certain embodiments, the heated fluid has a
pressure less than or equal to 1.9 atmospheres, less than or
equal to 1.8 atmospheres, less than or equal to 1.7 atmo-
spheres, less than or equal to 1.6 atmospheres, less than or
equal to 1.5 atmospheres, less than or equal to 1.4 atmo-
spheres, less than or equal to 1.3 atmospheres, less than or
equal to 1.2 atmospheres, less than or equal to 1.1 atmo-
spheres, less than or equal to 1 atmosphere, about 1 atmo-
sphere, less than or equal to 0.9 atmospheres, less than or
equal to 0.8 atmospheres, less than or equal to 0.7 atmo-
spheres, less than or equal to 0.6 atmospheres, less than or
equal to 0.5 atmospheres, less than or equal to 0.4 atmo-
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spheres, less than or equal to 0.3 atmospheres, or less than
or equal to 0.2 atmospheres. In certain embodiments, the
heated fluid has a pressure greater than or equal to 0.1
atmospheres, greater than or equal 0.2 atmospheres, greater
than or equal 0.3 atmospheres, greater than or equal 0.4
atmospheres, greater than or equal 0.5 atmospheres, greater
than or equal 0.6 atmospheres, greater than or equal 0.7
atmospheres, greater than or equal 0.8 atmospheres, greater
than or equal 0.9 atmospheres, about 1 atmosphere, greater
than or equal 1.0 atmospheres, greater than or equal 1.1
atmospheres, greater than or equal 1.2 atmospheres, greater
than or equal 1.3 atmospheres, greater than or equal 1.4
atmospheres, greater than or equal 1.5 atmospheres, greater
than or equal 1.6 atmospheres, greater than or equal 1.7
atmospheres, greater than or equal 1.8 atmospheres, or
greater than or equal 1.9 atmospheres. Combinations of the
above recited ranges are also possible (e.g., the heated fluid
has a pressure less than or equal to 2 atmospheres and
greater than or equal to 0.1 atmospheres, the heated fluid has
a pressure less than or equal to 1.1 atmospheres and greater
than or equal to 0.9 atmospheres). Other ranges are also
possible.

In certain, non-limiting embodiments, the first fluid (e.g.,
heated first fluid) is air at ambient pressure.

Unless otherwise indicated, all pressures described herein
refer to absolute pressures.

Industrial Source of Heated Fluid

In certain embodiments, an industrial source of heated
fluid is provided that may be used in conjunction with
certain embodiments of systems and methods disclosed
herein. In some embodiments, an industrial source heat or
waste heat may be used, for example, to produce a heated
fluid (e.g., via a heat exchanger in addition to or in place of
heating a fluid within a solar receiver using solar radiation,
as explained above). FIGS. 5A-5B show, in accordance with
certain embodiments, schematic diagrams heat supply and
storage systems for heating and power generation. As shown
in FIG. 5A, system 300 comprises industrial source of heat
or heated fluid 70.

Any of a variety of suitable industrial sources of heat or
heated fluid may be provided. For example, in certain
embodiments, the industrial source of heat or heated fluid is
an industrial hot fluid producing system, such as a flue-gas
stack, a smokestack, a chimney stack, etc. In certain such
embodiments, the flue gas or other hot fluid produced by the
industrial source may be used directly as the working fluid
for operating the heat production and power generation
capabilities of system 300. In other embodiments, the flue
gas or other hot fluid produced by the industrial source may
instead be used to heat another working fluid (e.g., air) used
in system 300, for example via one or more heat exchangers
within industrial source of heat or heated fluid 70. In yet
other embodiments where industrial source of heat or heated
fluid 70 produced heated solid surfaces, one or more devices
may be used to heat a fluid (such as air) using the heated
surfaces while cooling those surfaces, wherein the heated
fluid can then be used as a working fluid for system 300
and/or to heat a working fluid for system 300 in a heat
exchanger.

In some embodiments, the industrial source of heated
fluid is a conventional air heating system, an infrared heating
system, an induction heating system, an electrical resistance
power heating system, etc. In some embodiments, the indus-
trial source of heated fluid is an industrial heat source
supplying heat to a heat exchanger to produce the heated
fluid. In certain embodiments, the heated fluid (e.g., gas)
from the industrial source may need to be cleaned, filtered,
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and/or separated prior to entering the heating and/or power
generation system (e.g., to remove harmful and/or toxic
fluids). Accordingly, in certain embodiments, the industrial
source of heated fluid may comprise a filtration and/or
separation system, such as a swing adsorption system (e.g.,
pressure swing adsorption system, a vacuum swing adsorp-
tion system, a temperature swing adsorption system), or a
distillation system (e.g., a cryogenic distillation system).

In certain embodiments, the industrial source of heated
fluid is used in combination with or as a supplement to a
solar receiver, as described above.

According to some embodiments, the heated fluid from
the industrial source may have any of a variety of suitable
temperatures. For example, in some embodiments, the
heated fluid from the industrial source may have a tempera-
ture of greater than or equal to 200° C., greater than or equal
to 300° C., greater than or equal to 400° C., greater than or
equal to 500° C., greater than or equal to 600° C., greater
than or equal to 700° C., greater than or equal to 800° C.,
greater than or equal to 900° C., greater than or equal to
1000° C., greater than or equal to 1100° C., greater than or
equal to 1200° C., greater than or equal to 1300° C., greater
than or equal to 1400° C., greater than or equal to 1500° C.,
greater than or equal to 1600° C., greater than or equal to
1700° C., greater than or equal to 1800° C., or greater than
or equal to 1900° C. In some embodiments, the heated fluid
from the industrial source has a temperature of less than or
equal to 2000° C., less than or equal to 1900° C., less than
or equal to 1800° C., less than or equal to 1700° C., greater
than or equal to 1600° C., less than or equal to 1500° C., less
than or equal to 1400° C., less than or equal to 1300° C., less
than or equal to 1200° C., less than or equal to 1100° C., less
than or equal to 1000° C., less than or equal to 900° C., less
than or equal to 800° C., less than or equal to 700° C., less
than or equal to 600° C., less than or equal to 500° C., less
than or equal to 400° C., or less than or equal to 300° C.
Combinations of the above recited ranges are also possible
(e.g., the heated fluid form the industrial source has tem-
perature of greater than or equal to 200° C. and less than or
equal to 2000° C., the heated fluid form the industrial source
has a temperature of greater than or equal to 800° C. and less
than or equal to 1000° C.). Other ranges are also possible. As
described above, in certain embodiments, the heated fluid
from the industrial source may have temperatures exceeding
safe or desired operating temperatures, and the temperature
may be adjusted (e.g., lowered) by mixing the heated fluid
from the solar receiver with a lower temperature fluid (e.g.,
atmospheric air).

In certain embodiments, the heated fluid from the indus-
trial source of heated fluid may have any of a variety of
suitable pressures. For example, in some embodiments, the
heated fluid from the industrial source has a pressure of less
than 2 atmospheres. According to certain embodiments, the
heated fluid form the industrial source has a pressure less
than or equal to 1.9 atmospheres, less than or equal to 1.8
atmospheres, less than or equal to 1.7 atmospheres, less than
or equal to 1.6 atmospheres, less than or equal to 1.5
atmospheres, less than or equal to 1.4 atmospheres, less than
or equal to 1.3 atmospheres, less than or equal to 1.2
atmospheres, less than or equal to 1.1 atmospheres, about 1
atmosphere, less than or equal to 1 atmosphere, less than or
equal to 0.9 atmospheres, less than or equal to 0.8 atmo-
spheres, less than or equal to 0.7 atmospheres, less than or
equal to 0.6 atmospheres, less than or equal to 0.5 atmo-
spheres, less than or equal to 0.4 atmospheres, less than or
equal to 0.3 atmospheres, or less than or equal to 0.2
atmospheres. In certain embodiments, the heated fluid form
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the industrial source o has a pressure greater than or equal
to 0.1 atmospheres, greater than or equal 0.2 atmospheres,
greater than or equal 0.3 atmospheres, greater than or equal
0.4 atmospheres, greater than or equal 0.5 atmospheres,
greater than or equal 0.6 atmospheres, greater than or equal
0.7 atmospheres, greater than or equal 0.8 atmospheres,
greater than or equal 0.9 atmospheres, about 1 atmosphere,
greater than or equal 1.0 atmospheres, greater than or equal
1.1 atmospheres, greater than or equal 1.2 atmospheres,
greater than or equal 1.3 atmospheres, greater than or equal
1.4 atmospheres, greater than or equal 1.5 atmospheres,
greater than or equal 1.6 atmospheres, greater than or equal
1.7 atmospheres, greater than or equal 1.8 atmospheres, or
greater than or equal 1.9 atmospheres. Combinations of the
above recited ranges are also possible (e.g., the heated fluid
form the industrial source has a pressure less than or equal
to 2 atmospheres and greater than or equal to 0.1 atmo-
spheres, the heated fluid form the industrial source has a
pressure less than or equal to 1.1 atmospheres and greater
than or equal to 0.9 atmospheres). Other ranges are also
possible.

Thermal Storage Unit

In certain embodiments, the thermal storage unit
described herein is also described in International Patent
Application Serial No. PCT/US2011/052051, filed Sep. 16,
2011, and entitled, “Concentrated Solar Power Generation
Using Solar Receivers” and International Patent Application
Serial No. PCT/US2013/031627, filed Mar. 21, 2012, and
entitled “Multi-Thermal Storage Unit Systems, Fluid Flow
Control Devices, and Low Pressure Solar Receivers for
Solar Power Systems and Related Components and Uses
Thereof”, which are both incorporated by reference in their
entirety as mentioned above. In certain embodiments, a
thermal storage system is provided that may be used in
conjunction with systems and methods disclosed herein. In
certain embodiments, the thermal storage system may com-
prise one or more thermal storage units or vessels (e.g., two
thermal storage units, three thermal storage units, four
thermal storage units, five thermal storage units, or more
thermal storage units). According to some embodiments, the
thermal storage unit(s) can enable a practical and cost-
effective method to achieve thermal storage (e.g., of con-
centrated solar power energy) for use in generating heat
and/or electricity (e.g., during hours with no or low sun-
light). In some embodiments, the thermal storage unit com-
prises a vessel containing a thermal storage medium. In
some such embodiments, the fluid heated by a solar receiver/
industrial heat source flows through the thermal storage
medium, and the thermal storage medium stores thermal
energy derived from the heated fluid at relatively high
temperatures, depending on the temperature of the fluid
heated by the solar receiver/industrial heat source (e.g., at
least about 900° C., at least about 1000° C., at least about
1100° C., at least about 1200° C., at least about 1300° C., at
least about 1400° C., at least about 1500° C., at least about
1600° C., at least about 1700° C., at least about 1800° C., or
at least about 1900° C. In some embodiments, the heated
fluid from the solar receiver/industrial heat source has a
temperature of less than or equal to 2000° C. or higher, as
indicated by any of the temperatures or temperature ranges
noted above).

Referring again to FIG. 1A, system 10 comprises thermal
storage unit 24. Solar receiver 14 and the thermal storage
system (e.g., thermal storage unit 24) can be fluidically
interconnected, such that a relatively low-pressure fluid
(e.g., the first heated fluid) can be transferred between solar
receiver 14 and thermal storage unit 24. In this way, heat
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from the fluid heated in the solar receiver can be used to heat
the media within the thermal storage system.

In certain embodiments, the thermal storage unit has fluid
inlet and a fluid outlet. In some embodiments, the fluid inlet
is in valved fluid communication with the fluid outlet of the
fluid chamber of the solar receiver. Referring to FIG. 1A, for
example, thermal storage unit 24 has fluid inlet 15 and fluid
outlet 23, wherein fluid inlet 15 is in valved fluid commu-
nication with fluid outlet 11 of the fluid chamber of solar
receiver 14 via streams 16 and 17.

In some embodiments, the fluid inlet of the thermal
storage unit is in valved fluid communication with a fluid
outlet of the industrial source of heated fluid. Referring to
FIG. 5A, for example, thermal storage unit 24 has fluid inlet
15 in valved fluid communication with fluid outlet 124 of
industrial source of heat or heated fluid 70 via streams 72,
74, and 76.

According to some embodiments, the thermal storage unit
can be fabricated using any of a variety of materials capable
of withstanding the contemplated operating temperatures
and pressures, including, for example, metals (e.g., stainless
steel refractory metals such as tungsten, and the like),
ceramics—as materials of construction and/or thermal liners
for insulation, and/or combinations thereof. In some
embodiments, the thermal storage unit is configured such
that it is a certified pressure vessel (e.g., ASME-certified,
EN13445 certified, or a pressure vessel meeting a similar set
of certification standards).

In certain embodiments, the thermal storage unit can be
fabricated in sections, such that two or more of the sections
may be bolted together to assemble a thermal storage unit
having a desired volumetric capacity. Fabrication of the
thermal storage unit in sections facilitates factory construc-
tion and transport and onsite assembly of storage units
having relatively large volumetric capacity. In some con-
figurations, sections of the thermal storage unit may be in the
range of 8 feet to 16 feet in length/height and 8 feet to 16 feet
in diameter. In some configurations, for example, sections of
the thermal storage unit may be approximately 12 feet in
length/height and 10 feet to 12 feet in diameter.

In some embodiments, individual thermal storage units
can be sized to achieve relatively easy transport. For
example, each thermal storage unit of a multi-unit system
could be between about 2 and about 12 feet in diameter, and
up to 40 feet long to enable easy shipment. The thermal
storage units can be filled on site or prior to delivery to the
site, which can allow for cost effective production and
reduce on site construction cost and/or schedule delays.

A variety of fill media can be used in the thermal storage
unit(s). The fill media can comprise a variety of materials
with high heat capacities that are able to retain their struc-
tural integrity at high temperatures, such as ceramics and
other refractory materials. Exemplary materials include, but
are not limited to, materials comprising aluminum oxides,
iron oxides, silicon oxides, and/or magnesium oxides such
as sand, ceramic pellets, fire brick, mullite, magnetite,
PYRO GRAN 35/38, PYRO KOR 60NR, PYRO KOR
95NK, and/or PYROFER 70. In some embodiments, the
thermal storage media has a heat capacity of at least about
600 J/kg K, at least about 800 J/kg K, or at least about 900
J/kg K. It can be advantageous, in some embodiments, to use
materials with relatively low densities (e.g., less than about
5 g/cm?, less than about 3 g/cm?, or less than about 2 g/cm?).

The thermal storage media within the thermal storage
unit(s) can be of any suitable form factor and size. For
example, pellets (e.g., substantially spherical pellets or pel-
lets with any of the shapes described below) with maximum
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cross-sectional diameters in mm, cm, or larger length scales
can be used as the thermal storage media, in some instance.
In some embodiments, the thermal storage media can com-
prise pellets, and at least about 50%, at least about 75%, at
least about 90%, at least about 95%, or at least about 99%
of the pellets have maximum cross-sectional diameters of
less than about 100 cm, less than about 10 cm, less than
about 1 cm, between about 1 mm and about 100 cm, or
between about 1 cm and about 100 cm. Suitable pellet
shapes include, but are not limited to, shapes that are
substantially rectangular prisms (e.g., bricks, substantially
rectangular or cubic shapes), substantially triangular prisms,
substantially spherical shapes, bow ties, honeycombs,
saddles, and the like. In one set of embodiments, the thermal
storage media is in the form of elongated tubes through
which heated fluid is transported.

In certain embodiments, the thermal storage media within
the thermal storage unit(s) can be selected such that a
step-function change in temperature does not occur during
operation. That is to say, in such systems, the temperature
profile of thermal storage media, when plotted linearly as a
function of the distance along which fluid is transported
through the thermal storage unit(s) exhibits non-step-func-
tion behavior. In certain such embodiments, one end of the
thermal storage unit (e.g., an inlet region) would be at a
relatively high temperature while the other end of the
thermal storage unit (e.g., an outlet region) would be at a
relatively cooler temperature, with a non-step function
change in temperature (e.g., a linear change in temperature,
a concave up change in temperature, or a concave down
change in temperature) in between. Such profiles can be
achieved, for example, by using thermal storage media with
relatively low thermal conductivities, such as ceramics.

In some embodiments, the interior of the thermal storage
unit(s) can be lined with a thermally insulating material
and/or the outside of the thermal storage unit(s) can be
covered with a thermally insulating material to reduce heat
loss to the atmosphere. For example, when the tank is
manufactured out of metal, the tank can be lined with and/or
covered with a refractory material (e.g., ceramics such as
alumina, silica, magnesia, and the like). In some embodi-
ments, the refractory material can be cast in place and/or can
comprise a multi-layered structure in which the density
and/or heat capacity can vary from layer to layer. In some
embodiments, the thickness of the thermally insulating
lining within the unit(s) can be between about 5 inches and
about 15 inches (e.g., for a tank with a diameter up to 12 feet
and a length of up to 40 feet). In some embodiments, the
thickness of the thermally insulating material on the exterior
of the thermal storage unit(s) can be up to 1 foot or up to 2
feet in thickness.

In certain embodiments, the system may comprise mul-
tiple thermal storage systems (each of which can include one
or more thermal storage units). In some such embodiments,
a first thermal storage system can be used to store sensible
heat provided by the solar receiver, while a second thermal
storage system can be used to provide a heated fluid to the
power generation system. The first thermal storage system,
for example, can be operated at a pressure near or below
atmospheric pressure, while the second thermal storage
system can be operated at an elevated pressure. By operating
the system in this way, one can eliminate the need for a heat
exchange system that must exchange heat between a pres-
surized fluid and a non-pressurized fluid. In operation, a first
thermal storage system or unit can be heated at low-pressure
or atmospheric pressure by a working fluid heated by a solar
receiver until it is fully charged. At that point, it may be
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placed in fluid communication with a higher-pressure work-
ing fluid system used for power generation to provide heat
to generate power—see, for example, the discussion below.
Meanwhile, a second thermal storage unit or system which
had been serving such purpose but has cooled to the point of
being spent can be placed in fluid communication with the
solar receiver and recharged/reheated by the low-pressure
working fluid heated by the solar receiver. Operating the
system in this manner can ensure that a stored heat source is
always available for providing a heated fluid to the power
generation system. Thus, in some embodiments, substan-
tially continuous operation of the power generation system
can be achieved without (or as a supplement to) directly
exchanging heat between a high-pressure fluid and a low-
pressure fluid—as is described in the context of systems 10
and 300 as illustrated and discussed further immediately
below.

Heat Exchange System

In certain embodiments, the heat exchange system
described herein is also described in International Patent
Application Serial No. PCT/US2011/052051, filed Sep. 16,
2011, and entitled, “Concentrated Solar Power Generation
Using Solar Receivers” and International Patent Application
Serial No. PCT/US2013/031627, filed Mar. 21, 2012, and
entitled “Multi-Thermal Storage Unit Systems, Fluid Flow
Control Devices, and Low Pressure Solar Receivers for
Solar Power Systems and Related Components and Uses
Thereof™, which are both incorporated by reference in their
entirety as mentioned above. According to certain embodi-
ments, a heat exchange system is provided that may be used
in conjunction with systems and methods disclosed herein.
The heat exchange system may be configured, in some
embodiments, to transfer heat from a relatively low-pressure
fluid stream (e.g., the heated first fluid having a first pres-
sure) to a relatively high-pressure fluid stream (e.g., a
compressed second fluid having a higher second pressure.

In certain embodiments, the second pressure of the heated
second fluid is greater than or equal to 2 atmospheres,
greater than or equal to 5 atmospheres, greater than or equal
to 10 atmospheres, greater than or equal to 15 atmospheres,
greater than or equal to 20 atmospheres, greater than or
equal to 25 atmospheres, greater than or equal to 30 atmo-
spheres, greater than or equal to 35 atmospheres, greater
than or equal to 40 atmospheres, or greater than or equal to
45 atmospheres. In some embodiments, the heated second
fluid has a pressure of less than or equal to 50 atmospheres,
less than or equal to 45 atmospheres, less than or equal to 40
atmospheres, less than or equal to 35 atmospheres, less than
or equal to 30 atmospheres, less than or equal to 25
atmospheres, less than or equal to 20 atmospheres, less than
or equal to 15 atmospheres, less than or equal to 10
atmospheres, or less than or equal to 5 atmospheres. Com-
binations of the above recited ranges are also possible (e.g.,
the heated second fluid has a pressure of greater than or
equal to 2 atmospheres and less than or equal to 50 atmo-
spheres, the heated second fluid has a pressure of greater
than or equal to 20 atmospheres and less than or equal to 30
atmospheres). Other ranges are also possible.

According to certain embodiments, the heat exchange
system comprises at least a first heat exchanger. In some
embodiments, the heat exchange system may comprise more
than one heat exchanger (e.g., two, three, four, five, or more
heat exchangers). In certain embodiments, for example, the
heat exchange system comprises a second heat exchanger
positioned in series with a first heat exchanger. Referring to
FIG. 1A, for example, heat exchange system 35 comprises
a first heat exchanger 36 and second heat exchanger 38
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positioned in series. It should be understood, however, that
in some embodiments, the heat exchange system may com-
prise only one heat exchanger or more than two heat
exchangers positioned in series, parallel, or in a series-
parallel combination. Referring to FIG. 4A, for example,
heat exchange system 35 comprises a single heat exchanger
36. In certain embodiments, one or more of the heat
exchangers may be a gas-gas recuperator.

In some embodiments, the heat exchange system is posi-
tioned downstream of the solar receiver and the thermal
storage unit. Referring to FIG. 1A, for example, heat
exchange system 35 is positioned downstream of solar
receiver 14 and thermal storage unit 24. In certain embodi-
ments, the heat exchange system is positioned downstream
of the industrial source of heated fluid and the thermal
storage unit. Referring to FIG. 5A, for example, heat
exchange system 35 is positioned downstream of industrial
source of heat or heated fluid 70 and thermal storage unit 24.

According to certain embodiments, the heat exchange
system has an inlet in valved fluid communication with the
fluid outlet of the fluid chamber of the solar receiver and in
valved fluid communication with the fluid outlet of the
thermal storage unit. For example, referring to FIG. 1A, heat
exchange system 35 has inlet 37 in valved fluid communi-
cation with fluid outlet 11 of the fluid chamber of solar
receiver 14 via streams 16, 19, and 34 and in valved fluid
communication with fluid outlet 23 of thermal storage unit
24 via streams 64, 28, and 34 and blower 20/. In this way,
heat exchange system 35 may be configured to receive a
heated first fluid selectively from either or both of the fluid
chamber of solar receiver 14 and thermal storage unit 24.
For example, in certain embodiments, heat exchange system
35 may receive a heated first fluid from the fluid chamber of
solar receiver 14 via streams 16, 19, and 34. In some
embodiments, heat exchange system 35 receives a heated
first fluid from thermal storage unit 24 via streams 64, 28,
and 34. In the illustrated embodiment, heat exchange system
35 may also receive a heated first fluid from both the fluid
chamber of solar receiver 14 via streams 16, 19, and 34 and
thermal storage unit 24 via streams 64, 28, and 34, with fluid
motive force provided by any one or more of blowers 20a,
205, or 31.

In addition, system 10 may be configured to selectively
switch between which source (e.g., the fluid chamber of the
solar receiver and/or the thermal storage unit) delivers the
heated first fluid to the heat exchange system. For example,
in some embodiments, heat exchange system 35 may first
receive the heated first fluid from only the fluid chamber of
solar receiver 14 (by, for example, having damper 66a and
damper 66¢ in an open position and damper 664 in a closed
position), followed by receiving the heated first fluid from
only thermal storage unit 24 (by, for example, having
damper 664 and damper 66¢ in a closed position and damper
664 in an open position). As used herein, the term “damper”
generally refers to any type of suitable valve, plate, or other
removable or adjustable flow restriction device able to
selectively permit and prevent, and in certain embodiments
regulate the flow rate of, a flow of air or other gas or fluid
inside a duct, chimney, variable air volume (VAV) box, air
handler, pipe or other air/fluid-handling equipment. In some
other embodiments, heat exchange system 35 may first
receive the heated first fluid from only thermal storage unit
24, followed by receiving the heated first fluid from only the
fluid chamber of solar receiver 14. In yet another embodi-
ment, heat exchange system 35 may first receive the heated
first fluid from both the fluid chamber of solar receiver 14
and thermal storage unit 24, followed by receiving the
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heated first fluid from only the fluid chamber of solar
receiver 14 or thermal storage unit 24.

According to some embodiments, during hours of no or
low sunlight (e.g., nighttime), the heat exchange system may
be configured to receive the heated first fluid from storage
(e.g., the thermal storage unit). FIG. 2A shows, in accor-
dance with certain embodiments, a schematic diagram of
operation from storage of a concentrated solar combination
heating and power generation system for both heating and
power generation. Referring to FIG. 2A, in conditions when
solar receiver does not receive incident solar radiation,
damper 66a can be closed so substantially no fluid is
transported through the solar receiver 14 and stream 16. In
some such embodiments, heat exchange system 35 instead
receives a heated first fluid circulated through thermal
storage unit 24 via streams 17, 19, and 34, with fluid motive
force provided by blower 205 and/or blower 31.

According to certain embodiments, the heat exchange
system has an inlet in valved fluid communication with the
fluid outlet of the industrial source of heated fluid and in
valved fluid communication with the fluid outlet of the
thermal storage unit. For example, referring to FIG. 5A, heat
exchange system 35 has inlet 37 in valved fluid communi-
cation with fluid outlet 124 of industrial source of heat or
heated fluid 70 via streams 72, 74, 78, 80, and 86 and an inlet
in valved fluid communication with fluid outlet of thermal
storage unit 24 via streams 88, 90, and 86. In this way, heat
exchange system 35 may be configured to receive a heated
first fluid selectively from either or both of industrial source
of heat or heated fluid 70 and thermal storage unit 24. For
example, in certain embodiments, heat exchange system 35
may receive a heated first fluid from industrial source of heat
or heated fluid 70 via streams 72, 74, 78, 80, and 86. In some
embodiments, heat exchange system 35 receives a heated
first fluid from thermal storage unit 24 via streams 88, 90,
and 86. According to some embodiments, heat exchange
system 35 receives a heated first fluid from both the indus-
trial source of heat or heated fluid 70 via streams 72, 74, 78,
80, and 86 and thermal storage unit 24 via streams 88, 90,
and 86. Either or both of optional blowers 20g and 20f can
be used to provide the motive force to circulate the first fluid.
In some embodiments, for example, optional blower 20f
may provide the motive force to provide heat to power
industrial processing unit 65a from heat exchange system 35
via streams 102 and 104. In certain embodiments, system
300 may also comprise optional streams 82 and 84 and
blower 20e, which may, for example, be configured to
recover heat from industrial source of heat or heated fluid 70
via streams 72, 74, and 78. In some such embodiments, the
recovered heat from industrial source of heat or heated fluid
70 at stream 84 may be used for general space heating
purposes and/or to provide heat for an industrial process,
such as industrial processing unit 655. In some embodi-
ments, a heat recovery process may be built into industrial
source of heat or heated fluid 70. System 300 may also
comprise, in some embodiments, industrial processing unit
65¢, which may be powered, for example, using heat from
industrial source of heat or heated fluid 70 via streams 72,
74, 78, 80, 90, and 92 (and/or 72, 74, 76, heat storage unit
24, 88, 90, and 92 if a lower temperature stream is desired)
via optional blower 20g. In certain embodiments, the
exhaust of turbine 46 (e.g., an expanded substantially
unpressurized exhaust) may be supplied to industrial pro-
cessing unit 65¢ via streams 94, 90, 92, and blower 20g.

In addition, system 300 may be configured to selectively
switch between which source (e.g., the industrial source of
heated fluid and/or the thermal storage unit) delivers the
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heated first fluid to the heat exchange system. For example,
in some embodiments, heat exchange system 35 may first
receive the heated first fluid from only the industrial source
of heat or heated fluid 70, followed by receiving the heated
first fluid from only thermal storage unit 24. In some other
embodiments, heat exchange system 35 may first receive the
heated first fluid from only thermal storage unit 24, followed
by receiving the heated first fluid from only industrial source
of heat or heated fluid 70. In yet another embodiment, heat
exchange system 35 may first receive the heated first fluid
from both industrial source of heat or heated fluid 70 and
thermal storage unit 24, followed by receiving the heated
first fluid from only industrial source of heat or heated fluid
70 or thermal storage unit 24.

According to some embodiments, during hours when the
industrial source of heated fluid may not be operated, the
heat exchange system may be configured to receive the
heated first fluid from storage (e.g., the thermal storage unit).
Referring to FIG. 5B, when industrial source of heat or
heated fluid 70 is not operated, damper 98a can be closed so
substantially no fluid is transported through streams 72 and
74. In some such embodiments, heat exchange system 35 is
configured to receive a heated first fluid from thermal
storage unit 24 via streams 76, 78, 80, and 86.

In some embodiments, at least one heat exchanger in the
heat exchange system can be configured such that the heat
exchange simultaneously contains the heated first fluid hav-
ing a first pressure and the second fluid having a higher
second pressure, which may, in certain embodiments involve
simultaneous (e.g., countercurrent) flow of the first and
second fluids through the heat exchange unit (e.g., in flu-
idically separate but thermally communicating flow paths
within the heat exchangers). For example, in some embodi-
ments, at least one heat exchanger in the heat exchange
system comprises a first inlet through which the heated first
fluid having a first pressure (e.g., gas at a relatively low-
pressure, for example, of less than or equal to 2 atmo-
spheres) is transported into and through the heat exchanger
and a second inlet through which a second gas at a relatively
high-pressure (e.g., above 2 atmospheres) is simultaneously
transported into and through the heat exchanger. By config-
uring one or more heat exchangers in this manner, the
efficiency and rate of heat transferred from the heated first
fluid having a first pressure to the second fluid (e.g., having
a second pressure) can be enhanced, relative to situations
(e.g., as described above in the context of use of thermal
storage units as heat exchangers for both the first (low-
pressure) fluid circuit and the second (high pressure) fluid
circuit) in which the first and second fluids are transported
subsequently through the heat exchanger (e.g., due to heat
dissipation from the heat exchange unit during the period
between fluid flow). Heat exchange system 35 may be
configured to operate in countercurrent or co-current mode
(i.e. with first fluid and second fluid flow within the heat
exchanger(s) in the opposite or same directions, respec-
tively).

In some embodiments, one or more of the heat exchangers
used to transfer heat from the heated first fluid to the second
fluid can be a rotary heat exchanger (e.g., a ceramic rotary
recuperator). Suitable rotary heat exchangers may be in the
form of a rotary regenerator such as one or more of those
described, for example, in U.S. Pat. No. RE37134, issued on
Apr. 17,2001, filed Mar. 25, 1995, entitled “Heat Exchanger
Containing a Component Capable of Discontinuous Move-
ment”; U.S. Publication No. 2007/0089283, published on
Apr. 26, 2007, filed Oct. 17, 2006, entitled “Intermittent
Sealing Device and Method”; U.S. Publication No. 2008/
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0251234, published on Oct. 16, 2008, filed Apr. 16, 2007,
entitled “Regenerator Wheel Apparatus™; U.S. Publication
No. 2009/0000761, published on Jan. 1, 2009, filed Jun. 29,
2007, entitled “Regenerative Heat Exchanger with Energy-
Storing Drive System”; U.S. Publication No. 2009/0000762,
published on Jan. 1, 2009, filed Jun. 29, 2007, entitled
“Brush-Seal and Matrix for Regenerative Heat Exchanger
and Method of Adjusting Same™; and U.S. Publication No.
2006/0054301, published on Mar. 16, 2006, filed Dec. 16,
2004, entitled “Variable Area Mass or Area and Mass
Species Transfer Device and Method.”

Ceramic rotary heat exchangers can be capable of oper-
ating at relatively high temperatures (e.g., up to at least
about 1200° C. in some cases), which can allow one to
generate higher temperatures within the solar receiver and
energy storage systems to supply the higher temperature
second gas to power the gas turbine, thereby increasing
system efficiency. The heat exchange system described
herein is not limited to the use of rotary heat exchangers,
and, in some embodiments, one or more of the heat exchang-
ers (e.g., the heat exchangers used to transfer heat energy
from the heated first fluid to the second fluid) can be any of
a wide variety of suitable heat exchanger configurations,
including, but not limited to, a plate heat exchanger, a tube
heat exchanger (e.g., a shell and tube heat exchanger), and
the like.

In some embodiments, at least one of the heat exchangers
can be a metallic heat exchange unit. In certain embodi-
ments, the first heat exchanger and any subsequent heat
exchangers (e.g., the second heat exchange unit, the third
heat exchange unit, etc.) may be different types. For
example, in some embodiments, the first heat exchange unit
(e.g., first heat exchanger 36 in FIG. 1A) may be a ceramic
heat exchange unit (e.g., a ceramic rotary heat exchange
unit, a ceramic plate heat exchange unit, a ceramic tube heat
exchange unit, etc.), while the second heat exchanger (e.g.,
second heat exchanger 38 in FIG. 1A) may be a metallic heat
exchanger. In some embodiments, the heated first fluid can
be transported to a first ceramic heat exchanger (e.g., first
heat exchanger 36 in FIG. 1A) (where a relatively high
maximum temperature might be observed), and subse-
quently transported to a metallic heat exchange unit (e.g.,
second heat exchanger 38 in FIG. 1A) (where the maximum
temperature might be lower than that observed in the
ceramic heat exchanger).

In some embodiments, the system may comprise a heat
exchanger that is configured to be operated at very high
temperatures. For example, in some embodiments, the sys-
tem can include one or more heat exchangers (e.g., first heat
exchanger 36 and/or second heat exchanger 38 in FIG. 1A)
that can be operated above temperatures of 800° C. and in
some embodiments at temperatures of up to 1000° C. or
more. In some embodiments, the system can include one or
more heat exchangers that can be operated at temperatures
of up to 1100° C. or even to 1400° C. or more. High
temperature heat exchangers can comprise one or more
materials configured to withstand high temperature opera-
tion including, for example, one or more ceramics (e.g.,
aluminum oxides, iron oxides, silicon oxides, magnesium
oxides, etc.). In some embodiments, the heat exchanger can
comprise one or more metals (e.g., a super alloy such as
those comprising nickel, chromium, titanium, tungsten,
molybdenum, tantalum, columbium, and the like, including
any of the super alloys described elsewhere herein. As
specific examples, all or part of a high temperature heat
exchanger can be formed of Alloy 230®, Alloy 214®, and/or
Alloy 556® from Haynes International.
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In some embodiments, the heat exchange system may be
configured as a component of a power generation system
(e.g., in conjunction with one or more turbines). Referring to
FIG. 1A, for example, system 10 comprises heat exchange
system 35 and turbine 46 in fluid communication with and
downstream of fluid outlet 39 of heat exchange system 35.
In some other embodiments, however, the heat exchange
system may be included in the overall system without being
incorporated into a power generation system. For example,
FIG. 4A shows, in accordance with certain embodiments, a
schematic diagram of sunlight operation of a concentrated
solar heating system (e.g., without a power generation
system). As shown in FIG. 4A, system 200 comprises heat
exchanger 36, but FIG. 4A does not comprise a compressor
or turbine. In some embodiments, for example, incident
solar radiation 12 may be used to heat a fluid within the fluid
chamber of solar receiver 14 to provide a heated fluid. In
certain embodiments, the heated fluid may then be flowed
through streams 110 and 114 to thermal storage unit 24,
and/or via streams 110, 112, and 118 (e.g., with dampers
130a and 1305 open), to heat exchanger 36 (e.g., air-to-air
heat exchange unit, air-to-water/steam heat exchange unit).
According to certain embodiments, it may be advantageous,
in some embodiments, to operate a concentrated solar heat-
ing system from storage during periods of little or no
sunlight (e.g., nighttime). FIG. 4B shows, in accordance
with certain embodiments, a schematic diagram of operation
from storage of a concentrated solar heating system. As
shown in FIG. 4B, a first heated fluid may be flowed through
streams 114, 112, and 118, to heat exchanger 36. Optional
blower 20¢ may be provided, along stream 125, to provide
the motive force to flow the first heated fluid. In addition,
optional blower 204 may be provided (see FIG. 4A), which
may be configured to feed the low-pressure fluid (e.g., the
heated first fluid having a first pressure) exiting the heat
exchange system to the fluid chamber of solar receiver 14
via streams 125, 116, and 126. In certain embodiments,
during either daytime (e.g., FIG. 4A) or nighttime (e.g., FIG.
4B) operation, stream 122 may be used to flow air or water
into heat exchanger 36, and stream 120 may be used to
produce a heated second fluid, which may be used for
general space heating purposes and/or to provide heat for an
industrial process.

Power Generation System

In certain embodiments, the power generation system
described herein is also described in International Patent
Application Serial No. PCT/US2011/052051, filed Sep. 16,
2011, and entitled, “Concentrated Solar Power Generation
Using Solar Receivers” and International Patent Application
Serial No. PCT/US2013/031627, filed Mar. 21, 2012, and
entitled “Multi-Thermal Storage Unit Systems, Fluid Flow
Control Devices, and Low Pressure Solar Receivers for
Solar Power Systems and Related Components and Uses
Thereof”, which are both incorporated by reference in their
entirety as mentioned above. In some embodiments, a power
generation system is provided that may be used in conjunc-
tion with systems and methods disclosed herein. Referring
to FIG. 1A, for example, system 10 may comprise power
generation system 53 comprising heat exchange system 35,
turbine 46 (e.g., gas turbine), compressor 54, and generator
60, which may be used to generate power using, for
example, primarily a Brayton cycle (or other appropriate
thermodynamic power cycle). While a single turbine and
compressor is illustrated in FIG. 1A, it should be understood
the power generation system is not so limited, and that, in
some embodiments, multiple turbines and/or compressors
can be employed. Similarly, multiple generators may be
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employed in certain embodiments. For example, in some
embodiments, the power generation system includes at least
2, at least 3, at least 4, at least 5, or more turbines,
compressors, and/or generators. A single turbine and/or the
combination of multiple turbines can be capable of produc-
ing any of a variety of suitable amounts of power (e.g., at
least about 100 kW, at least about 500 kW, at least about 1
MW, at least about 4 MW). One of ordinary skill in the art
would be capable of selecting an appropriate turbine and/or
combination of turbines to use, given a desired power output
requirement and system capacity.

In order to increase system efficiency, the gas supplied to
turbine 46 can be relatively hot and relatively highly pres-
surized. To achieve high-pressures, compressor 54 may be
used to compress a relatively low-pressure gas (e.g., ambient
air) in stream 56 to produce relatively high-pressure stream
52. In some embodiments, the compressor can be used to
produce a fluid stream (e.g., a gas stream) with a pressure of
greater than or equal to 2 atmospheres, greater than or equal
to 5 atmospheres, greater than or equal to 10 atmospheres,
greater than or equal to 15 atmospheres, greater than or
equal to 20 atmospheres, greater than or equal to 25 atmo-
spheres, greater than or equal to 30 atmospheres, greater
than or equal to atmospheres, greater than or equal to 40
atmospheres, or greater than or equal to 45 atmospheres.

In some embodiments, it may be particularly advanta-
geous to flow essentially all of the heated first fluid from the
fluid chamber of the solar receiver to the heat exchange
system of the power generation system without diverting the
heated first fluid to the heated fluid diversion outlet conduit
(which is explained in greater detail herein). FIG. 1C shows,
in accordance with certain embodiments, a schematic dia-
gram of sunlight operation of a concentrated solar combi-
nation heating and power generation system for power
generation. As shown in FIG. 1C, in some embodiments,
incident solar radiation 12 may be used to heat a first fluid
within the fluid chamber of solar receiver 14 to provide a
heated first fluid. In certain embodiments, the heated first
fluid is flowed, via streams 16, 19, and 34, to heat exchange
system 35 without flowing any of the heated first fluid to
heated fluid diversion outlet conduit 18. In some such
embodiments, the heated first fluid may be flowed through
fuel-fired combustion unit 26 (which is explained in greater
detail below) prior to introducing the heated first fluid to the
heat exchange system.

In certain embodiments, it may be advantageous to flow
the heated first fluid from thermal storage to the power
generation system during periods of little or no sunlight
(e.g., nighttime). For example, referring to FIG. 2A, the
heated first fluid is flowed from thermal storage unit 24, via
streams 17, 19, and 34, to heat exchange system 35. In some
embodiments, it may be advantageous to flow the heated
first fluid from storage to the power generation system
without flowing the heated first fluid to the heated fluid
diversion outlet conduit. FIG. 2C shows, in accordance with
certain embodiments, a schematic diagram of operation
from thermal storage of a concentrated solar combination
heating and power generation system for power generation.
As shown in FIG. 2C, in certain embodiments, the heated
first fluid is flowed from thermal storage unit 24, via streams
17,19, and 34, to heat exchange system 35 without flowing
the heated first fluid to heated fluid diversion outlet conduit
22. In some such embodiments, the heated first fluid may be
flowed through fuel-fired combustion unit 26 prior to intro-
ducing the heated first fluid to the heat exchange system.

According to some embodiments, the heated second fluid
(e.g., from the compressor) is used to drive a turbine (e.g.,
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a gas turbine). In some embodiments, the gas turbine is in
fluid communication with and downstream of an outlet of
the heat exchange system. Referring to FIG. 1A, for
example, turbine 46 is in fluid communication with and
downstream of fluid outlet 39 of heat exchange system 35
via stream 48. See also FIG. 5A, in which turbine 46 is in
fluid communication and downstream of fluid outlet 39 of
heat exchange system via stream 95. The gas turbine may be
configured, in some embodiments, to receive the heated
second fluid at an inlet of the gas turbine and generate power
therefrom. For example, in some embodiments turbine 46 is
configured to receive a compressed heated second fluid at
inlet 41 of the turbine 46 from fluid outlet 39 of heat
exchanger 36 via stream 48 and generate power therefrom.
In certain embodiments, electrical power 62 is generated by
generator 60 via rotating shaft(s) 50 and 58, powered from
turbine 46.

According to certain embodiments, the power generation
system may be operated without flowing the heated first
fluid to the power generation system (e.g., the heat exchange
unit of the power generation system). For example, in some
embodiments, the power generation system may be com-
pletely fuel powered for periods of time (e.g., start-up) and
may utilize fuel power as needed/desired for supplemental
power and/or heating capacity. This option is described in
more detail below in the context of the description of
optional fuel combustor 26. It may be particularly advanta-
geous to have a fuel operated power generation system
during lengthy periods of little or no sunlight (e.g., cloudy
days and/or nighttime). Briefly, FIG. 3 shows, in accordance
with certain embodiments, a schematic diagram of fuel
operation of a concentrated solar combination heating and
power generation system for heating and power generation.
In some embodiments, power generation system 53 (e.g.,
heat exchange system 35, turbine 46, compressor 54, gen-
erator 60) may be operated by a source of fuel (not shown
in FIG. 3) using a fuel-fired combustor 26, without the use
of a heated first fluid derived from either solar receiver 14 or
thermal storage unit 24. While FIG. 3 illustrates that both
power generation system 53 and heat energy utilization via
withdraw of heated fluid through heated fluid diversion
outlet conduit 22 may be employed for fuel fired operations,
in some embodiments, only power generation system 53 is
operated, with the heated fluid diversion conduit blocked by
damper 665 and/or damper 66c¢.

In some embodiments, the gas turbine comprises an
exhaust outlet in valved fluid communication with the fluid
inlet of the fluid chamber and/or with the thermal storage
unit. For example, referring to FIG. 1A, turbine 46 com-
prises exhaust outlet 43 in valved fluid communication with
the fluid inlet 5 of the fluid chamber of solar receiver 14 via
streams 44, 28, 29, and 32. Referring to FIG. 2A, turbine 46
comprises exhaust outlet 43 in valved fluid communication
with thermal storage unit 24 via streams 44, 28, and 64. In
this way, an expanded substantially unpressurized exhaust of
the gas turbine (e.g., having a pressure of less than 2
atmospheres) may be selectively fed to either or both of the
fluid chamber of the solar receiver and the thermal storage
unit. In some embodiments, for example, the exhaust of
turbine 46 can be fed to the fluid chamber of solar receiver
14 via streams 44, 28, 29, and 32. In certain embodiments,
optional blower 20a may be in valved fluid communication
with fluid inlet 5 of the fluid chamber of solar receiver 14,
such that the exhaust of turbine 46 is fed through blower 20a
prior to being fed to the fluid chamber of solar receiver 14
via stream 32. In some embodiments, in addition to or in
place of having an inlet fluidically connected to stream 29,
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optional blower 20a may have an inlet fluidically connected
to an atmosphere surrounding system 10, which may be
configured to supply fluid (e.g., ambient air) to fluid cham-
ber of solar receiver 14 via stream 32.

Any of a variety of suitable blowers (e.g., 20a-20%, 21,
31) may be incorporated in any of the systems at any
location where fluid motive force or flow control is desired.
For example, in some embodiments, the blower(s) can
comprise an electric driven induction flow fan. In certain
embodiments, an exhaust of turbine 46 can be fed to thermal
storage unit 24 via streams 44, 28, and 64. According to
certain embodiments, an exhaust of turbine 46 can be fed to
the fluid chamber of solar receiver via streams 44, 28, 29, 32
(and optional blower 20a), and thermal storage unit 24 via
streams 44, 28, and 64. Routing the exhaust from the turbine
can be beneficial, as the turbine exhaust may contain
residual heat that would otherwise be lost if the exhaust were
vented directly to the atmosphere.

In addition, system 10 may be configured to selectively
switch between which destination (e.g., the fluid chamber of
the solar receiver and/or to the thermal storage unit) receives
the exhaust of the turbine (e.g., gas turbine). For example,
referring to FIG. 1A and FIG. 2A, in some embodiments, an
exhaust of turbine 46 may first be fed to the fluid chamber
of solar receiver 14 (by, for example, having dampers 66e,
66/, and 66/ in an open position and damper 66/ in a closed
position), followed by feeding the exhaust of turbine 46 to
thermal storage unit 24 (by, for example, having dampers
66¢ and 66/ in an open position and damper 66/ in a closed
position). In some other embodiments, an exhaust of turbine
46 may first be fed to thermal storage unit 24, followed by
feeding the exhaust of turbine 46 to the fluid chamber of
solar receiver 14. In yet another embodiment, an exhaust of
turbine 46 may first be to both the fluid chamber of solar
receiver 14 and the thermal storage unit 24, followed by
feeding the exhaust of turbine 46 to only the fluid chamber
of solar receiver 14 or thermal storage unit 24.

In certain embodiments, the heated second fluid is used to
supply heat to an industrial processing unit or is used for
general space heating purposes.

Industrial Processing Unit

In certain embodiments, the power generation system
may further comprise or be operatively associated with an
industrial processing unit. The industrial processing unit
may, in some cases, be powered using recovered heat from
the spent low-pressure fluid (e.g., the heated first fluid
having a first pressure) exiting the heat exchange system
after heating the compressed second fluid used for power
generation. In some embodiments, recovering the heat from
the low-pressure fluid exiting the heat exchange system may
advantageously improve the overall efficiency of the system
by enabling the use of heat energy that may otherwise be
wasted. The industrial processing unit, in some embodi-
ments, may be positioned downstream of the heat exchange
system and have an inlet in valved fluid communication with
a second outlet of the low-pressure side of the heat exchange
system. For example, referring to FIG. 1A, a generalized
industrial processing unit is indicated at 65a and is posi-
tioned downstream of heat exchange system 35 and has inlet
63 in valved fluid communication with outlet (e.g., second
outlet) 45 of the heat exchange system 35 via streams 40 and
42. In certain embodiments, the industrial processing unit is
configured to receive the low-pressure first fluid from the
heat exchange system and utilize residual heat energy con-
tained in the stream to, for example, operate or facilitate
operation of one or more operations of the industrial pro-
cessing unit. For example, industrial processing unit is
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configured, in some embodiments, to receive the heated first
fluid from heat exchange system via streams 40 and 42 and
generate power therefrom on a smaller scale than power
generation system 53 to operate industrial processing unit
65a. In certain embodiments, optional blower 206 may be in
valved fluid communication with the inlet of industrial
processing unit 654, such that the heated first fluid from heat
exchange system 35 is forced by optional blower 205 to
industrial processing unit 65a via stream 42.

The low-pressure first fluid received by the industrial
processing unit may be any of a variety of suitable tempera-
tures. In some embodiments, for example, the temperature
of the low-pressure first fluid received by the industrial
processing unit may be greater than or equal to 100° C.,
greater than or equal to 200° C., greater than or equal to 300°
C., or greater than or equal to 400° C. In certain embodi-
ments, the temperature of the low-pressure first fluid
received by the industrial processing unit may be less than
or equal to 500° C., less than or equal to 400° C., less than
or equal to 300° C., or less than or equal to 200° C.
Combinations of the above recited ranges are also possible
(e.g., the temperature of the low-pressure first fluid received
by the industrial processing unit is greater than or equal to
100° C. and less than or equal to 500° C., the temperature of
the low-pressure first fluid received by the industrial pro-
cessing unit is greater than or equal to 200° C. and less than
or equal to 300° C. Other ranges are also possible.

According to certain embodiments, the industrial process-
ing unit may be or include any of a variety of industrial
systems that may be used for any of a variety of industrial
applications. In certain embodiments, for example, the
industrial processing unit is a water purification system (e.g.,
a desalination system), a chemical separation system (e.g., a
distillation system), a chemical reactor, and/or an industrial
generator (e.g., a steam boiler). In certain embodiments, the
industrial generator (e.g., steam boiler) may be used to
power a steam turbine (e.g., in a Rankine cycle) to produce
supplemental electrical power. In some embodiments, the
heated first fluid exiting the heat exchange system can be
used to provide heat to power an absorption chiller, which
can be used, for example, to produce chilled water for an air
conditioner and/or refrigeration system. According to some
embodiments, the industrial processing unit can comprise
one or more heat exchangers for extracting heat from the
low-pressure fluid exiting the heat exchange system. In
certain embodiments, the heated first fluid exiting the heat
exchange system can be used to provide heat for general
space heating purposes (e.g., via an air to liquid heat
exchanger).

According to certain embodiments, the industrial process-
ing unit is free of any gas turbines and is not used for
generating electrical power.

Fuel-Fired Combustion Unit

In some embodiments, the power generation system may
further comprise or be operatively associated with a fuel-
fired heating unit. The fuel-fired heating unit, in some
embodiments, is configured to heat or further heat the heated
first fluid prior to introducing the heated first fluid to the heat
exchange system and/or to independently provide a suffi-
cient quantity of the heated first fluid to the heat exchange
system—as described above—to operate the power genera-
tion system. According to some embodiments, the fuel-fired
heating unit may advantageously raise the temperature of the
heated first fluid by burning fuel to supply additional heat,
so that the heated first fluid may be used to heat the second
fluid used to power the gas turbine, and/or to power an
industrial process, and/or to provide heat for general space
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heating purposes. One of ordinary skill in the art would be
capable of selecting an appropriate fuel-fired heating or
heating device to provide the required amount of supple-
mental heat, given the power demands and operating con-
ditions of a given system. For example, the fuel-fired heating
unit may comprise an induced flow combustor.

In some embodiments, the fuel-fired heating unit is posi-
tioned upstream of the heat exchange system and in fluid
communication with the heat exchange system, and in
valved fluid communication with one or both of the fluid
chamber of solar receiver and the thermal storage unit. For
example, referring to FIG. 1A, system 10 comprises fuel-
fired combustion unit 26. Fuel-fired combustion unit 26 is
positioned upstream of heat exchange system 35 and in
valved fluid communication with heat exchange system 35
via steam 34 and damper 66m. The fuel-fired combustion
unit 26 is also in valved fluid communication with the fluid
chamber of solar receiver 14 via streams 28, 29, and 32 and
dampers 66d, 66¢, 66/, and 66i, and with thermal storage
unit 24 via streams 28 and 64 via dampers 664 and 66/ (or
via streams 28, 19, and via dampers 66¢ and 664, as shown
in FIG. 2A, for example).

Fuel Energy System

In certain embodiments, the power generation system
may further comprise or be operatively associated with an a
fuel production/energy system. The fuel production/energy
system, may, in some embodiments, be configured to pro-
duce and/or store one or more of a combustible fuel,
electrical power, and/or a pressurized working fluid. Advan-
tageously, such a configuration may provide a combination
heating and power generation system configured to operate
completely standalone, using, for example, the combustible
fuel that is produced by the fuel production/energy system
may be used in the supplemental combustor of the power
generation system and/or for other fuel needs such as
transportation, etc. In certain embodiments, the described
configuration may be particularly useful in locations that are
remote from fuel transportation infrastructure. In some such
embodiments, the combustible fuel that is produced by the
fuel energy system may be combusted by the fuel-fired
combustion unit, to heat or further heat the heated first fluid
prior to introducing the heated first fluid to the heat exchange
system and/or to independently provide a sufficient quantity
of the heated first fluid to the heat exchange system, as
explained herein.

FIG. 8 A shows, in accordance with certain embodiments,
a schematic diagram of sunlight operation of a concentrated
solar combination heating and power generation system with
a fuel production/energy system for both heat energy pro-
duction and power generation. Referring to FIG. 8A, system
800 is similar to systems described above but also comprises
fuel production/energy system 164. Fuel production/energy
system 164 can optionally be positioned remotely in certain
cases, but as illustrated is positioned downstream of heat
exchange system 35 and has an inlet in valved fluid com-
munication with outlet 45 of heat exchange system 35 via
streams 40, 59, and 136 and optional blower 205. In other
embodiments, the fuel production/energy system may not
have any fluidic connectivity with power generation system
53, but rather may be powered solely by electrical power
62a produced by power generation system 53 (e.g., in an
embodiment where hydrogen is produced via electrolysis, as
described below). In the illustrated embodiment, the fuel
production/energy system is optionally configured to receive
one or more of the heated first fluid from heat exchange
system 35 (e.g., via streams 40, 59, and 136 and optional
blower 205) and/or electrical power 62a produced by elec-
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tric generator 60 (e.g., via electrical power stream 61). In
certain embodiments, at least a portion of the heated first
fluid from heat exchange system 35 may be delivered to one
or both of fuel production/energy system 164 (via streams
40, 59, 136, and blower 205) and industrial processing unit
65a (via streams 40, 59, 134, and blower 205).

As mentioned above, in certain embodiments, the fuel
production/energy system is configured to produce one or
more of a combustible fuel (e.g., that is suitable to be
combusted by the fuel-fired combustion unit, electrical
power, and/or (optionally) a pressurized working fluid (e.g.,
that is suitable to power the gas turbine). In some embodi-
ments, for example, fuel energy system 164 produces a
combustible fuel. Fuel energy system 164 may, in certain
embodiments, have an outlet in valved fluid communication
with an inlet of fuel-fired combustion unit 26 via stream 67.
As a result, the combustible fuel produced by fuel energy
system 164 may be combusted in fuel-fired combustion unit
26, to, for example, heat or further heat the heated first fluid
prior to introducing the heated first fluid to heat exchange
system 35 and/or to independently provide a sufficient
quantity of the heated first fluid to heat exchange system 35
to operate power generation system 53.

In certain embodiments, the combustible fuel in the fuel
energy system is hydrogen and/or oxygen produced by
electrolysis. For example, in some embodiments, fuel
energy system 164 may utilize electrical power 62a pro-
duced by the electric generator, as explained herein, via
electrical power stream 61 to produce a combustible fuel,
such as hydrogen, via, for example, the electrolysis of water.
Such water splitting reactions that produce hydrogen gas
(and oxygen gas) would be understood by a person of
ordinary skill in the art. Other combustible fuel producing
reactions may also be utilized by the fuel energy system.

In some embodiments, following the production of the
combustible fuel (e.g., hydrogen gas), the combustible fuel
flows via stream 67 to fuel-fired combustion unit 26 where
it is combusted. In certain embodiments, fuel energy system
164 is configured to store the combustible fuel, which may
be used to power the fuel-fired combustion unit during, for
example, periods of little or no sunlight in which the
temperature of the heated first fluid needs to be increased. In
some embodiments, the combustible fuel may be used for
applications instead of, or in addition to, being combusted in
the fuel-fired combustion unit. Such applications may
include using the combustible fuel to power fuel cell
vehicles and/or machinery.

The fuel production/energy system may, in some embodi-
ments, produce a pressurized working fluid (e.g., pressurized
heated air) that is suitable to power the gas turbine of power
generation system 53. In certain embodiments, for example,
fuel energy system 164 may have an outlet in valved fluid
communication with inlet 41 of gas turbine 46 via stream
138. In some embodiments, the oxygen that is produced by
the electrolysis of water, as explained above, may be used in
a supplemental combustion process (e.g., an oxy-combus-
tion process) to produce the high temperature fluid that can
boost or supplement the compressed heated second fluid that
enters inlet 41 of turbine 46.

In certain embodiments, the fuel production/energy sys-
tem may produce additional electrical power. Referring to
FIG. 8A, for example, fuel production/energy system 164
may produce electrical power 625.

The fuel production/energy system described herein may
be implemented into a system that utilizes an industrial
source heat or waste heat (instead of or in addition to a solar
receiver, as described above) to produce a working heated
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fluid. For example, FIG. 8B shows, in accordance with
certain embodiments, a schematic diagram of the operation
of a waste heat utilization and storage system with a fuel
production/energy system for heat energy production and
power generation. As shown in FIG. 8B, system 802 com-
prises fuel production/energy system 164 that may be con-
figured to produce a combustible fuel (e.g., hydrogen via
water electrolysis) suitable to be combusted by fuel-fired
combustion unit 26 via stream 67, electrical power 1005,
and/or a pressurized working suitable to power gas turbine
46 via stream 138 in a similar fashion and for similar
purposes as described above in the context of FIG. 8A.
Heated Fluid Diversion Outlet Conduit

In certain embodiments the system comprises a heated
fluid diversion outlet conduit. The heated fluid diversion
outlet conduit, in some embodiments, is configured to divert
at least a portion of the heated first fluid from the power
generation system. The heated first fluid may, in certain
embodiments, be used to provide heat for general space
heating purposes and/or to provide heat for an industrial
process. In general, the temperature of the diverted first fluid
stream is substantially higher than that used above for
industrial processing unit 65a. In certain embodiments, for
example, the temperature of the diverted first fluid stream
may be any of the above-mentioned temperatures or ranges
for heated fluid produced by the solar receiver and/or
industrial heat source mentioned previously, such as greater
than or equal to 700° C., greater than or equal to 800° C.,
greater than or equal to 900° C., greater than or equal to
1000° C., or greater than or equal to 1100° C. In some
embodiments, the temperature of the diverted fluid stream
may be less than or equal to 1200° C., less than or equal to
1100° C., less than or equal to 1000° C., less than or equal
to 900° C., or less than or equal to 800° C.

In some embodiments, the outlet conduit is positioned
upstream of the inlet of the thermal storage unit and the inlet
of the heat exchange system and has an inlet in valved fluid
communication with the fluid outlet of the fluid chamber of
the solar receiver and with the thermal storage unit. For
example, referring to FIG. 1A, system 10 includes heated
fluid diversion outlet conduit 22. Heated fluid diversion
outlet conduit 22 is positioned upstream of inlet 15 of
thermal storage unit 24 and inlet 37 of heat exchange system
35 and has an inlet 7 (for example, after damper 665) in
valved fluid communication with fluid outlet 11 of the fluid
chamber of solar receiver 14 via streams 16 and 18 and with
thermal storage unit 24 via streams 17 and 18.

It may be particularly advantageous, in some embodi-
ments, to flow the heated first fluid (e.g., from the fluid
chamber of the solar receiver) to heated fluid diversion
outlet conduit 22 in order to provide heat (e.g., for general
space heating purposes and/or for an industrial process). In
some aspects, the system may be configured to flow the
heated first fluid to heated fluid diversion outlet conduit 22
without flowing the heated first fluid to power generation
system 53. FIG. 1B shows, in accordance with certain
embodiments, a schematic diagram of sunlight operation of
a concentrated solar combination heating and power gen-
eration system used for heating only. As shown in FIG. 1B,
incident solar radiation 12 heats the first fluid within the fluid
chamber of solar receiver 14 to provide a heated first fluid.
The heated fluid flows via streams 16 and 18, to heated fluid
diversion outlet conduit 22 via motive force of optional
blower 21 to provide heat for space heating purposes and/or
for an industrial process, without providing any of the heated
first fluid to power generation system 53. In certain embodi-
ments, the heated fluid in heated fluid diversion outlet
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conduit 22 may be used to power industrial processing unit
65b. Industrial processing unit 656 may be any of the
industrial processing units described above with respect to
industrial processing unit 65a. It should be understood that,
while FIG. 1B shows sunlight operation of a concentrated
solar combination heating and power generation system
used for heating only, heated fluid diversion outlet conduit
22 may also be used to power industrial processing unit 655
as system 10 is generating power via power generation
system 53 (e.g., heat exchange system 35, turbine 46,
compressor 54, generator 60), as shown in FIG. 1A and FIG.
2A. Optional blower 21 may provide the motive force to
provide the heated fluid to heated fluid diversion outlet
conduit 22 and/or industrial processing unit 654.

It is also possible to flow the heated first fluid from
thermal storage to the heated fluid diversion outlet conduit
22 during periods of little or no sunlight (e.g., nighttime).
For example, referring to FIG. 2A, the heated first fluid is
made to flow (e.g., by optional blower 21) from thermal
storage unit 24, via streams 17 and 18, to heated diversion
outlet conduit 22 to provide heat (e.g., for general space
heating purposes and/or for an industrial process, such as
industrial processing unit 656). In some cases, it may be
advantageous to send all of the heated first fluid from storage
to heated fluid diversion outlet conduit 22 during periods of
little or no sunlight (e.g., nighttime) without sending any of
the heated first fluid to power generation system 53. FIG. 2B
shows, in accordance with certain embodiments, a schematic
diagram of operation from storage of a concentrated solar
combination heating and power generation system for heat-
ing only. As shown in FIG. 2B, in some embodiments, the
heated first fluid is made to flow (e.g., by optional blowers
21 and/or 31) from thermal storage unit 24, via streams 17
and 18, to heated diversion outlet conduit 22 to provide heat
(e.g., for general space heating purposes and/or for an
industrial process, such as industrial processing unit 655)
without flowing the heated first fluid to power generation
system 53.

According to certain embodiments, the heated fluid diver-
sion outlet conduit may be operated without the need for use
of the solar receiver or the thermal storage to supply heat
energy. For example, in some embodiments, the heated fluid
diversion outlet conduit may use a first fluid that has been
heated by an option fuel powered heater—e.g., optional
combustor 26. It may be particularly advantageous to have
a fuel powered option for providing heated fluid to diversion
outlet conduit 22 during lengthy periods of little or no
sunlight (e.g., cloudy days and/or nighttime). In some
embodiments, heated fluid diversion outlet conduit 22 may
be fed a first fluid heated by a heater powered by (e.g., via
combustion of) a source of fuel (not shown in FIG. 3)
without such first flowing to/through either solar receiver 14
or thermal storage unit 24. FIG. 3 shows both the heated
fluid diversion outlet conduit 22 and power generation
system 53 as supplied by first fluid heated by optional
combustor 26. In some cases, the first fluid heated by
optional combustor 26 is supplied only to fluid diversion
outlet conduit 22 and is not used for operating power
generation system 53 by, for example, closing dampers 664
and 66m.

Make-Up Inlet Conduit

According to certain embodiments, the system comprises
a make-up inlet conduit. The make-up inlet conduit is
configured, in some embodiments, to introduce make-up
and/or recycled fluid into the system. Advantageously, the
make-up inlet conduit may, in some embodiments, increase
the overall efficiency of the system by recycling fluid from
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the industrial processing unit and/or fluid diversion outlet
conduit after it has been used, and/or directly from the
low-pressure first fluid outlet of the heat exchange system.
In some embodiments, the make-up inlet conduit may be
configured to provide additional ambient air to the system,
which may be useful, for example, for regulating the flow of
fluid through the system and/or adjusting the temperature of
the heated fluid, as previously described.

In some embodiments, a make-up inlet conduit is con-
nected upstream of and in fluid communication with the
fluid inlet of the fluid chamber of the solar receiver and the
thermal storage unit. For example, referring to FIGS. 1A,
2A, and 3, system 10 comprises make-up inlet conduit 30.
In certain embodiments, make-up inlet conduit 30, including
optional blower 31, is configured to feed make-up fluid
upstream of and in fluid communication with fluid inlet 5 of
the fluid chamber of solar receiver 14 via streams 29 and 32,
also via another optional blower 20a. In some embodiments,
make-up inlet conduit 30, including optional blower 31, is
configured to feed make-up fluid upstream of and in fluid
communication with thermal storage unit 24.

In certain embodiments, one or more make-up inlet con-
duits may be configured to receive recycled fluid from one
or more fluidic outlets of the overall system and/or one or
more of the industrial processing units. For example, in
certain embodiments, make-up inlet conduit 30 (and/or
optional make-up inlet conduits such as feeding blower 20a
in FIG. 1A, blowers 204 and 20c¢ in FIG. 4A, or stream 80
in FIG. 5B) may be connected downstream and in fluid
communication with an outlet of the system and/or any
industrial processing unit (e.g., 65a and/or 65b) to recycle
fluid that may still be at an elevated temperature. See, for
example, the optional recycle stream from blower 21 to
blower 31 and/or the optional recycle stream from industrial
processing unit 65a to blower 31, as shown in FIG. 1A.
Configuring the system in this way may advantageously
limit the amount of heat that is wasted, thereby increasing
the overall efficiency of the system.

Power Generation Systems for Using Multiple Heat
Exchangers in Series for Use with High Temperature Gas
Heat Sources

In certain embodiments, a power generation system may
be configured to generate electrical power from a solar
receiver and/or industrial or other sources of waste heat and
may be packaged and/or used as a stand-alone, compart-
mentalized, self-contained, and/or transportable system for
such purposes. In certain embodiments, the industrial or
other heat source may be an industrial source of waste heat,
either in the form of a hot gas (e.g., air) or hot surface(s) that
can be used to generate a hot gas (e.g., air). In certain cases,
the system can be simplified and does not include thermal
storage or a solar receiver or other source of heated fluid, but
is configured to be operatively connected too at least one,
several, or all such sources. Certain such systems may also
advantageously in certain cases be able to generate power
from industrial heat sources without the need for a combus-
tor to generate additional heat for the system. In certain
cases, such systems could be sufficiently compact to be
portable or transportable. In certain embodiments, the sys-
tem may be designed to use one or more commercially
available turbines or microturbines as described further
below. In certain such embodiments, a turbine or microtur-
bine may include an integrated compressor and integrated
recuperator (heat exchanger), and the system may include
one or more additional heat exchangers arranged in series
with the integrated recuperator turbine and be constructed of
materials enabling the additional heat exchanger(s) to handle
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heat sources (e.g., industrially produced sources of hot air)
having a temperature exceeding the permissible operating
temperature of the recuperator. The turbine or microturbine
including the integrated compressor and/or integrated recu-
perator (heat exchanger) may, in some embodiments, be
enclosed within a common housing, position on a common
mounting frame or skid, and/or be configured to be integral
or non-separable. In this way, the systems may in certain
embodiments through the use of multiple heat exchangers in
series permit use of the system with very high temperature
heat sources (e.g., any of the above-mentioned temperatures
or temperature ranged for the fluid heated by an industrial
heat source and/or solar receiver, such as 500° C.-1500° C.,
850° C.-1000° C., or 700° C.-1300° C.; up to 1200° C. or up
to 1700° C., or up to 1800° C.) while reducing the size and
cost of the heat exchanger(s) that need to be configured to
withstand such temperatures, since only the upstream heat
exchanger(s) will experience temperatures that call for spe-
cial materials of construction. A particular exemplary con-
figuration of such system of illustrated in FIG. 9 described
below.

As mentioned above, a system described herein may
comprise a heat exchange system comprising a dual (or
more than two in some cases) heat exchanger array. For
example, in certain embodiments, the heat exchange system
comprises a first heat exchanger and a second heat
exchanger. FIG. 9 shows, in accordance with certain
embodiments, a schematic diagram of a waste heat utiliza-
tion system for power generation. As shown in FIG. 9, a
power generating system 400 may, in some embodiments,
include a power block 401 that comprises heat exchange
system 35 comprising first heat exchanger 36 and second
heat exchanger 38, a compressor 54, a turbine 46, and a
generator 60. In certain embodiments, first heat exchanger
36 and second heat exchanger 38 may be positioned in
series.

According to certain embodiments, the heat exchange
system (e.g., the dual heat exchanger array) may be posi-
tioned downstream from an industrial source of heated fluid
70. In some embodiments, as is explained herein in greater
detail, the industrial source of heated fluid may be config-
ured to produce a heated fluid at a temperature or within a
temperature range of any value stated previously, such as
between greater than or equal to 500° C. and less than or
equal to 1500° C. (or, e.g., in the following ranges: 850°
C.-1000° C., or 700° C.-1300° C.; or 800° C.-1800° C., up
to 1200° C., or up to 1700° C., or up to 1800° C.) and at a
pressure of less than or equal to 2 atmospheres absolute, and
in certain cases at ambient atmospheric pressure. Referring
to FIG. 9, heat exchange system 35 is positioned down-
stream from industrial source of heated fluid 70. In some
embodiments, the heat exchange system has an inlet in
valved fluid communication with a fluid outlet of the indus-
trial source of heated fluid. Referring, for example, to FIG.
9, heat exchange system 35 comprises inlet 37 in valved
fluid communication with fluid outlet 124 of industrial
source of heated fluid 70 via streams 72, 78, 80, and 86.

According to some embodiments, heat exchange system
35 is configured to transfer heat from the heated fluid to a
second fluid, thereby producing a heated second fluid. As
described herein in further detail, the heated fluid from the
industrial source of heated fluid may have a high tempera-
ture at or within a temperature range of any value stated
previously, such as (e.g., 500° C.-1500° C., 850° C.-1000°
C., or 700° C.-1300° C.; 800° C.-1800° C.; up to 1200° C.
or up to 1700° C., or up to 1800° C.)). Therefore, in some
embodiments, first heat exchanger 36 may be made of (or
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coated with) a material that is capable of withstanding such
high temperatures. In certain embodiments, only those areas
directly exposed to the high temperature fluid are made of or
coated with the high temperature performance material(s).
For example, in certain embodiments, the first heat
exchanger comprises a high-temperature capable metal
alloy, such as those comprising nickel, chromium, alumi-
num, and/or iron. In a specific example, all or part of the first
heat exchanger comprises Alloy 214® (a nickel-chromium-
aluminum-iron alloy) from Haynes International. Other
materials that are capable of withstanding high temperatures
include, but are not limited to, refractory materials (e.g.,
metals or metal oxides including niobium, molybdenum,
tantalum, tungsten, rhenium, titanium, vanadium chromium,
manganese, zirconium, technetium, ruthenium, rhodium,
hafnium, osmium, iridium), high temperature alloys avail-
able from High Performance Alloys, Inc. or Haynes Inter-
national (e.g., HASTELLOY® Alloy X (HX), INCONEL®
Alloy 625, INCONEL® Alloy 718, INCONEL® Alloy 600,
INCONEL® Alloy 601, INCOLOY® Alloy 800H/HT,
HAYNES® Alloy 25 (1.605), and NITRONIC 60®). The
first heat exchanger may comprise any of the aforemen-
tioned ceramics, metals, and/or alloys described herein. The
first heat exchanger 36 may be sized and operated so that an
outlet temperature of the fluid from the industrial source
exiting the heat changer and entering second heat exchanger
38 has a temperature that is less than a temperature requiring
specialized refractory or other high-temperature perfor-
mance materials of construction (e.g., below 700° C. below
600° C., below 500° C., or below 400° C.). Thus, while
second heat exchanger 38 may comprise, in some embodi-
ments, any of the aforementioned materials, advantageously
since it will be exposed to relatively lower temperatures, it
may be in certain embodiments be fabricated using less
expensive, materials metals and/or alloys as compared to
first heat exchanger 36 which is designed to withstand high
temperatures from the industrial source of heated gas.

In certain embodiments, as the heated fluid from the heat
source 70 passes through first heat exchanger 36, the heat
from the heated fluid is transferred to the second fluid. In
some embodiments, the heated fluid then passes into second
heat exchanger 38 at a lower temperature (e.g., see exem-
plary ranges above) and continues to transfer heat to the
second fluid. See, for example, FIG. 10, which shows, in
accordance with certain embodiments, a schematic diagram
of one embodiment of a dual heat exchanger array. The
heated fluid at a lower temperature may exit second heat
exchanger 28 as exhaust via stream 140 and optional blower
20.

Configuring the system with multiple heat exchangers in
series, such as the depicted dual heat exchange array, advan-
tageously provides an overall better thermal performance to
cost ratio, as the effective length of the heat exchange system
is increased as compared to use of a single heat exchange
unit, thereby providing a comparatively better thermal effec-
tiveness without the need to use high heat capable materials
over the entire effective length. Another advantage involves
the ability to fabricate each heat exchanger according to
specific sizes using specific materials depending on the
temperature that each respective heat exchanger will be
exposed to. Mixing different alloys (e.g., an alloy capable of
withstanding high temperatures and an alloy only capable of
withstanding comparatively lower temperatures) in a com-
paratively large single heat exchanger may lead to certain
complications such as dissimilar metals joining and poten-
tially damaging thermomechanical operational strains.
Therefore, in some embodiments described herein, the over-
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all cost can be decreased by fabricating a multi- (e.g., dual-)
heat exchange system including a relatively small first
exchanger capable of withstanding the highest system oper-
ating temperatures and a second heat exchanger formed of
materials suitable to withstand being subjected to lower
temperatures.

According to some embodiments, power block unit 401
can be used independently to generate power from an
industrial source of heated air. For example, in certain
embodiments, system 400 can be used to generate power
without the need for a combustion unit and/or solar sources
of heat (e.g., a solar receiver). In certain embodiments,
power block 401 comprises a turbine in fluid communication
with and downstream of an outlet of second, pressurized side
of'the heat exchange system. Referring, for example, to FIG.
9, power block 401 comprises turbine 46 in fluid commu-
nication with and downstream of fluid outlet 39 of heat
exchange system 35. According to certain embodiments, the
turbine is capable of generating power from the heated
second fluid. As shown in FIG. 9, for example, power block
401 may further comprise compressor 54, and generator 60,
which may be used to generate electrical power 62 using, for
example, primarily a Brayton cycle (or other appropriate
thermodynamic power cycle). Further details regarding
power generation systems in the context of further embodi-
ments of this disclosure are explained in greater detail
above.

According to certain embodiments, turbine 46, and
optionally compressor 54 and heat exchanger (recuperator)
38 may be a microturbine (or a combination microturbine
system), (e.g., a Brayton turbine), such as one that is
commercially available from Capstone Turbine Corporation
(e.g., a C200 microturbine such as a C200S ICHP turbine).
Accordingly, in some embodiments related to the dual heat
exchanger array, a separate second heat exchange unit 38 is
not necessary as turbine 46 may include the second heat
exchange unit integrated therewith.

In certain embodiments, power block 401 may be utilized
in portable and/or transportable applications.

Although not depicted in FIG. 9, system 400 may option-
ally include a thermal storage system, which is explained
above in greater detail, for operation during periods of little
availability of waste/industrially sourced heat, such as dur-
ing factory shut-down days or reduced capacity operation. In
some embodiments, system 400 may additionally comprise
an optional fuel-fired combustion unit, configured to further
heat (e.g., boost) the low-pressure heated fluid prior to
introducing the heated fluid to the heat exchange system for
use in power generation.

Methods of Operation

Certain embodiments described herein can be used to
practice methods of selectively generating power and/or heat
with a concentrated solar receiver powered system. It may
be advantageous, in some embodiments, to have the ability
to selectively choose between using thermal energy from
incident solar radiation to provide heat and/or power. In
some embodiments, for example, a method of operation
comprises flowing a fluid (e.g., a relatively low-pressure
fluid) having a pressure less than 2 atmospheres through the
concentrated solar receiver to produce a heated fluid. The
relatively low-pressure fluid can originate from any suitable
source. For example, in certain embodiments, the relatively
low-pressure fluid is air from the ambient atmosphere.
Referring to FIG. 1A, for example, which illustrates a
method for daytime solar operation for heat and electricity
production, a fluid having a pressure less than 2 atmospheres
is made to flow through the fluid chamber of solar receiver
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14, and incident solar radiation 12 is used to heat the fluid,
thereby producing a heated first fluid. In certain embodi-
ments, at least a portion of the low-pressure fluid can be
recycled within the system, for example to further increase
the temperature, via a fluidic pathway comprising streams
16, 19, 28, 29, and 32. In certain embodiments, the fluidic
pathway can include a fluidic loop, such that substantially no
fluid is expelled from the pathway during operation.

In certain embodiments, once the relatively low-pressure
fluid has been heated within the solar receiver to a desired
degree, the heated fluid exiting the solar receiver through
stream 16 in FIG. 1A can be diverted to flow to the power
generating system, thermal storage unit 24, and/or heated
fluid diversion outlet conduit 22, since each of the power
generating system, the thermal storage unit, and the heated
fluid diversion outlet conduit are fluidically connected to the
solar receiver. For example, in some embodiments, the
heated fluid is selectively flowed from the fluid chamber of
solar receiver 14 to heat exchange system 35 via streams 16,
19, and 34, wherein heat exchange system 35 is configured
to transfer heat from the heated fluid to a second pressurized
fluid to operate the power generating system. Prior to
flowing the heated fluid to heat exchange system 35, the
heated fluid may be further heated via fuel-fired combustion
unit 26. A second compressed and pressurized fluid heated
by heat exchange system 35 is fed to turbine 46 (e.g., gas
turbine) via stream 48 to generate electrical power 62 via
rotating shaft(s) 50 and 58 to drive generator 60. See, for
example, also FIG. 1C. In some embodiments, heated first
fluid can also be selectively flowed from the fluid chamber
of solar receiver 14 to thermal storage unit 24 via streams 16
and 17, wherein thermal storage unit 24 is configured to
store heat derived from the solar receiver. See, for example,
FIGS. 1A-1C. In yet another mode of operation, the heated
first fluid is selectively flowed from the fluid chamber of
solar receiver 14 to heated fluid diversion outlet conduit 22
via streams 16 and 18 to provide heat for an industrial
process. See, for example, FIG. 1B.

Any combination of flow paths may be selected as a
destination of the first fluid after it is heated by incident solar
radiation in the fluid chamber of the solar receiver. For
example, in certain modes of operation, the heated first fluid
is made to simultaneously flow from the fluid chamber of
solar receiver 14 to each of heat exchange system 35
supplying heat to run the power generating system, thermal
storage unit 24, and heated fluid diversion outlet conduit 22.
In other modes of operation, the heated first fluid can be
directed from the fluid chamber of solar receiver 14 to only
one of the power generating system, thermal storage unit 24,
or heated fluid diversion outlet conduit 22 at any given time.
For example, the heated first fluid can be made to flow from
the fluid chamber of solar receiver 14 to heat exchange
system 35 of the power generating system (e.g., by, for
example, having dampers 66a,66¢, and 66m open and damp-
ers 66k, 665, and 66d closed), followed by directing flow of
the heated first fluid to thermal storage unit 24 (e.g., by, for
example, having dampers 66a and 66k open and dampers
665 and 66¢ closed), followed by sending the heated first
fluid to heated fluid diversion outlet conduit 22 (e.g., by, for
example, having dampers 66a and 665 open and dampers
66¢ and 664 closed). In another operating mode, the heated
first fluid is directed from the fluid chamber of solar receiver
14 to thermal storage unit 24, followed by flowing the heated
fluid from the thermal storage unit 24 to heat exchange
system 35 of power generation system 53, and/or heated
fluid diversion outlet conduit 22. In yet another configura-
tion, the heated fluid is made to flow from the fluid chamber
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of solar receiver 14 to heated fluid diversion outlet conduit
22, followed by flowing the heated first fluid to the power
generating system and/or thermal storage unit 24. These are
but a few of the options for operating the illustrative
systems, and other modes of operation are possible.
Exemplary Solar Receiver Configurations

An exemplary solar receiver 14 is shown in FIG. 6, which
can be designed and constructed to be used in conjunction
with one or more of the systems described herein. Exem-
plary solar receivers may comprise low-pressure fluid cham-
ber 250 that is designed and constructed to provide an
insulated casing, which acts to reduce or eliminate thermal
losses from the solar receiver and to contain a low-pressure
working fluid. The low-pressure solar receiver comprises
transparent object 260 positioned at the front of low-pres-
sure fluid chamber 250 adjacent to opening 270 for receiving
solar radiation.

Low-pressure fluid chamber 250 comprises solar absorber
280. Typically, solar absorber 280 is constructed of a mate-
rial that can withstand relatively high temperatures (e.g.,
temperatures as described above, such as in excess of 1000°
C., and, in some embodiments, at least 1500-2000° C.) and
that has sufficient thermal properties (e.g., thermal conduc-
tivity, emissivity) to absorb thermal energy from incident
solar radiation and transfer thermal energy to a working fluid
passing through the solar receiver. In some cases, solar
absorber 280 is constructed of a material such as a metal,
(e.g., high-temperature alloy, heat resistant cast alloy), a
refractory material (e.g., a ceramic) or a carbon-based mate-
rial. Solar absorber 280 may be constructed of a ceramic
material such as a glass ceramic, silicon carbide, silicon
nitride, alumina, or silicon oxide.

Solar absorber 280 may have a high surface area to
facilitate the transfer of thermal energy to a working fluid
passing within the solar receiver. Solar absorber 280, in
some embodiments, is designed and constructed to have a
network (e.g., a honeycomb network, a shell and tube
network, a foam network, etc.) of fluid passages through
which the working fluid passes. Solar absorber 280 may be
immobilized within the low-pressure fluid chamber 250 such
that a relatively low temperature working fluid traveling
within the low-pressure fluid chamber 250 is directed over
and/or through the solar absorber 280, e.g., passing through
a network of fluid passages of the solar absorber, so that the
working fluid acquires heat from the solar absorber increas-
ing its temperature.

According to certain embodiments, the solar absorber
may have any of a variety of shapes, including, for example,
an angular shape a planar shape, an elliptical shape, a
parabolic shape, a disc shape, a polyhedron shape or other
suitable shape.

The solar absorber is typically constructed of a material
that can withstand relatively high temperatures, that can
absorb incident radiation and that can readily transfer ther-
mal energy to a working fluid that is in contact with the
absorber. For example, solar absorbers may be constructed
of metals, stainless steels, ceramics, heat-resistant cast
alloys, high temperature metallic materials, refractory mate-
rials, thoria-dispersed alloys, graphite, or carbon-fiber-rein-
forced carbon-based materials. Appropriate ceramics for
solar absorbers include, for example, glass ceramics, silicon
carbide, silicon nitride, alumina, and silicon oxide. The solar
absorber may have any of a variety of forms. As mentioned,
the solar absorber may be designed and constructed to have
a relatively high surface area for contact with a working
fluid. Such solar absorber may comprise a plurality of
channels or passages through which a working fluid can
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pass. The absorber may be in the form of a wire mesh,
honeycomb or open cell foam configuration, for example.
The solar absorber may include a black surface coating
covering at least a portion of the absorber surface to facili-
tate absorption of incident solar radiation. In some solar
receivers, the solar absorber can be a combination of both a
wire mesh absorber and a ceramic absorber. In such embodi-
ments, the wire mesh absorber can be an air inlet absorber
and the ceramic absorber can be an air exit absorber. In other
embodiments, the ceramic absorber can be an air inlet
absorber and the wire mesh absorber can be an air exit
absorber.

In some embodiments of the solar receivers, multiple
segments of a solar absorber are held in position by a
ceramic support structure system. In some solar receivers,
flow-regulation structures are placed on the air inlet and/or
outlet/exit side of the absorber. In some embodiments, a
flow-regulation structure comprising an orifice plate having
one or more orifices through which air may pass is included.
In solar receivers, flow-regulation structures are incorpo-
rated that are made of ceramic, metal or other suitable
material in which small holes are present for the passage of
air. In some embodiments, such flow-regulation structure is
configured to produce a relatively laminar air flow. In some
embodiments, the flow-regulation structure is configured to
direct air flow in a relatively uniform manner across an
absorber.

The transparent object(s) acting as the window(s) of the
solar receiver is/are typically positioned at the front of the
low-pressure fluid chamber adjacent to the opening for
receiving solar radiation. The outer rim of the transparent
object may be fitted within a recess of the low-pressure fluid
chamber to secure it. The transparent object(s) and the
low-pressure chamber may be constructed of materials hav-
ing different coefficients of thermal expansion. For example,
the transparent object may be constructed of a glass material
(e.g., silica, quartz, etc.), whereas the low-pressure chamber
may be constructed of a metal (e.g., stainless steel, alumi-
num). When the transparent object and low-pressure cham-
ber are subjected to thermal fluctuations, differential thermal
expansion and contraction of the two components may
occur. Thus, the connection between the transparent
object(s) and the low-pressure fluid chamber can advanta-
geously be designed and constructed to accommodate dif-
ferential movement between the two components.

In some embodiments, a flexible seal is provided between
an interface on the low-pressure fluid chamber and the
transparent object(s). The interface may be positioned and
secured within a recess within which the transparent
object(s) is/are positioned and/or secured. Such recess may
have an internal diameter that exceeds the outside diameter
of the transparent object(s), thereby allowing expansion of
the transparent object(s) within the recess. The seal is often
subjected to relatively high temperatures (e.g., temperatures
in excess of 500-1000° C. or more), and thus, is should be
produced from a material that can withstand contemplated
operating temperatures. The seal may be produced, in some
embodiments, from a metal, a carbon-based material, or a
silicone-based material. In some embodiments, the seal is
produced from a room-temperature vulcanizing (RTV) sili-
cone elastomer. In some embodiments, the seal is a metallic
gasket. Other appropriate seal materials will be apparent to
the skilled artisan.

The low-pressure fluid chamber of a solar receiver, in
certain embodiments, is designed and constructed to with-
stand a working pressure of at least up to and including 2
atmospheres. The low-pressure fluid chamber, in certain
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embodiments, is designed and constructed to sustain a
maximum allowable working pressure of 1 atmosphere, 1.1
atmospheres, 1.2 atmospheres, 1.3 atmospheres, 1.4 atmo-
spheres, 1.5 atmospheres, or 2 atmospheres. As used herein,
the term “maximum allowable working pressure” refers to
the maximum pressure a pressure vessel can maintain (e.g.,
the maximum pressure that the weakest component of an
assembled solar receiver can maintain). Often the maximum
allowable working pressure is determined by conducting a
hydrostatic pressure test. Methods for conducting a hydro-
static pressure test are well known in the art and will be
apparent to the skilled artisan. In one embodiment, the
maximum allowable working pressure of a solar receiver is
determined by essentially completely assembling the solar
receiver, capping off the fluid inlet(s) and the fluid outlet(s),
and pressurizing the low-pressure chamber of the solar
receiver with an inert gas (e.g., air). The low-pressure
chamber is pressurized, in this embodiment, with the inert
gas at a relatively slow rate (e.g., at a rate in a range of 1
psi/second to 5 psi/second) until the low-pressure chamber
can no longer maintain pressure. The highest pressure main-
tained during the test is the maximum allowable working
pressure of the solar receiver. In certain embodiments, the
weakest component of the solar receiver is the seal between
the transparent object and the low-pressure chamber.

The transparent object(s) may have a variety of shapes.
For example, the transparent object may have a planar
shape, such as a planar disc or a planar object having a
polygonal cross-section such as a rectangular or square
cross-section. The transparent object may have a relatively
slight curvature inward toward the solar absorber. The
transparent object may have a semi-circular shape, a para-
bolic shape, an elliptical shape, etc. In some embodiments,
a curvature inward toward the solar absorber serves to
minimize tensile stress due to thermal expansion in the
transparent object. Thus, in certain embodiments, the trans-
parent object has a certain radius of curvature. The trans-
parent object may, for example, have a radius of curvature
of 0.1 meters foot to 15 meters, 0.1 meters to 3 meters, 0.1
meters foot to 1.5 meters, or 0.1 meters to 1 meter. The
transparent object may have a radius of curvature of up to
0.1 meters, 0.5 meters, 1 meter, 1.5 meters, 2 meters, 5
meters, 7 meters, 10 meters, 15 meters, or more.

Solar receivers that are useful or potentially useful in the
context of the disclosed systems and methods may be
designed to operate at low-pressure (e.g., up to and including
2 atmospheres). Because the transparent object(s) is/are
subjected to relatively small hydrostatic stresses under such
low-pressure operation, it/they may be constructed to have
a relatively large geometric area/diameter and relatively
small thickness. In some embodiments, the transparent
object has a diameter in a range 0.5 meter to 5 meters, 2
meters to 4 meters or 0.5 meter to 2 meters. In some
embodiments, the transparent object has a diameter of 0.5
meters, 1 meter, 1.2 meters, 1.4 meters, 1.6 meters, 1.8
meters, 2 meters, 3 meters, 4 meters, S meters or more. In
some embodiments, the diameter of a transparent object
(e.g., a transparent object that has a certain radius of
curvature) is the diameter of the rim of the transparent object
(e.g., the edge of the transparent object that fits with a recess
of the low-pressure chamber).

The thickness of the transparent object may influence the
extent to which the transparent object absorbs solar radia-
tion, with relatively thick transparent objects typically
absorbing more solar radiation than relatively thin transpar-
ent objects. Consequently, the thickness of the transparent
object influences the extent to which the transparent object
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is subjected to thermal stress during operation of the solar
receiver. Accordingly, the transparent object may have a
relatively small thickness, in order to minimize thermal
stress. In some embodiments, the thickness of the transpar-
ent object is in a range of 0.5 centimeters to 10 centimeters,
1 centimeter inch to 5 centimeters, or 1 centimeter inch to 3
centimeters. In some embodiments, the thickness of the
transparent object is 0.5 centimeters, 1 centimeter, 3 centi-
meters, 4 centimeters, 5 centimeters, 7 centimeters, 10
centimeters or more. However, the invention is not limited
to transparent objects having these thicknesses. Other thick-
nesses may be suitable in some cases.

In some embodiments, the solar receiver includes a trans-
parent object (which may be or be part of a window) that is
composed quartz silica glass. The transparent object may
have a curved shaped to contain and distribute internal
pressure, and to tolerate thermal stresses from differential
temperature exposure. The curved shape of the transparent
object also can limit the formation of destructively high
tensile stresses. The transparent object may be designed to
accommodate implementations that give rise to relatively
high temperatures at its center portion and relatively cooler
temperatures at portions in proximity its edges. Thus, the
transparent object may function in some implementations as
a thermal hinge to accommodate thermal growth without
developing destructively high tensile stresses. A curved (or
bowl shape) of the transparent object can facilitate, and to an
extent direct, flow of a relatively low temperature fluid
toward and through the solar absorber. The relatively low
temperature fluid may also function to cool the transparent
object as it passes over the internal surfaces of the trans-
parent object.

In some embodiments the transparent object is con-
structed of one piece (e.g., a single solid quartz silica glass
window). However, in other embodiments, the transparent
object is constructed of several segments that are fitted
together, joined together or butted together. In some embodi-
ments, a transparent object having a diameter in a range of
2 meters to 4 meters, or more, is constructed of multiple
segments (e.g., 2, 3, 4 or more segments).

FIGS. 7A and 7B illustrate examples of pluralities of
transparent objects arranged to produce segmented windows
for a receiver. The segmented window 502¢ in FIG. 7A is
composed of four elongated longitudinally arranged trans-
parent objects S;-S,. The segmented window 5024 in FIG.
7B is composed of eight radially arranged transparent
objects S,-S;. These illustrations are not intended to be
limiting. Other appropriate arrangements and pluralities of
transparent objects may be used to produce segment win-
dows that permit the passage of solar radiation into the
low-pressure fluid chamber. In some embodiments, the
plurality of transparent objects are half tubes (e.g., tubes that
have been cut length-wise) and are arranged side by side at
the opening of the receiver. In some embodiments, the tubes
are up to 0.1 meters or more in diameter. In some embodi-
ments, the convex side of a tube faces the absorber, and the
concave side faces heliostats that direct concentrated solar
radiation toward the opening of the receiver. In other
embodiments, the concave side of a tube faces the absorber,
and the convex side faces the heliostats. In some embodi-
ments, the tubes are made of quartz silica.

In some embodiments, the solar receiver is configured
such that concentrated solar radiation received through the
opening in the solar receiver passes through the plurality of
transparent objects into the low-pressure fluid chamber and
impinges upon the solar absorber. In some embodiments, the
low-pressure fluid chamber defines a fluid flow path from
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the fluid inlet to the fluid outlet, in which, between the fluid
inlet and the fluid outlet, the fluid flow path extends across
at least a portion of the plurality transparent objects and
through one or more passages within the solar absorber. In
some embodiments, the plurality of transparent objects is
configured such that when the pressure within the low-
pressure fluid chamber is lower than the environmental
pressure surrounding the solar receiver, a fluid (e.g., ambient
air) surrounding the solar receiver is drawn into the low-
pressure fluid chamber through gaps between transparent
objects of the plurality. In some embodiments, the low-
pressure fluid chamber is configured such that the fluid (e.g.,
ambient air) that is drawn into the low-pressure fluid cham-
ber through gaps between transparent objects of the plurality
enters the fluid flow path within the low-pressure fluid
chamber and passes through the solar absorber. In some
embodiments, as the fluid (e.g., ambient air) is drawn into
the low-pressure fluid chamber through gaps between trans-
parent objects of the plurality it cools the transparent objects.

In some embodiments, the low-pressure solar receivers
are fitted with a secondary concentrator. In certain embodi-
ments, the secondary concentrators described herein are also
described and shown in FIGS. 8 A-8C in International Patent
Application Serial No. PCT/US2013/031627, filed Mar. 21,
2012, and entitled “Multi-Thermal Storage Unit Systems,
Fluid Flow Control Devices, and Low Pressure Solar
Receivers for Solar Power Systems and Related Compo-
nents and Uses Thereof”, which is incorporated herein by
reference in its entirety. The secondary concentrator serves
to collect concentrated solar radiation from a primary con-
centrator (e.g., a heliostat field) or other source, and direct
that solar radiation into the opening of the solar receiver. The
secondary concentrator, in some embodiments, improves the
solar collection efficiency of the solar receiver. The second
concentrator is often constructed with a plurality of reflec-
tive panels, each reflective panel typically having a reflective
surface and a predetermined shape. The plurality of reflec-
tive panels is typically arranged in a configuration that
facilitates reflection of incident solar radiation toward the
receiver opening. In some embodiments, the plurality of
reflective panels is arranged such that the secondary con-
centrator has an overall parabolic shape, although other
shapes may be suitable. For example, the secondary con-
centrator may have an elliptical shape, a semi-circular shape,
a hyperbolic shape, etc.

A cross-section of the secondary concentrator that is
parallel with the opening of the receiver may also have a
variety of shapes. For example, the cross-section of the
secondary concentrator that is parallel with the opening of
the receiver may have a circular shape, an elliptical shape,
a polygonal shape, a rectangular shape, etc.

The size and shape of the secondary concentrator (e.g., the
diameter of the outer most portion of the secondary con-
centrator, the depth of the secondary concentrator, etc.) may
vary depending on a variety of factors, including, for
example, the desired collection efficiency, the size and
arrangement of the primary concentrator(s), the size of the
opening of the receiver, the thermal properties of the solar
absorber, etc. In some embodiments, the ratio of the depth of
the secondary concentrator to the diameter of the opening of
the receiver is 1, 1.25, 1.5, 2, 2.5, 3, 4, 5, or more. In some
embodiments, the ratio of the depth of the secondary con-
centrator to the diameter of the opening of the receiver is in
arangeof 1t01.5,11t02.5,11t03,1t04,0r1to 5. Insome
embodiments, the ratio of the outer most diameter of the
secondary concentrator to the diameter of the opening of the
receiver is 1.5, 2,2.5,3,3.5, 4, 4.5, 5.5, 6 or more. In some
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embodiments, the ratio of the depth of the secondary con-
centrator to the diameter of the opening of the receiver is in
arangeof 1.5t02,151t03,1.51t04,1.51t0 5,0r 1.5t0 6.

The following patents and patent applications are incor-
porated herein by reference in their entirety for all purposes:
U.S. Patent Publication No. 2002/0124991, published on
Sep. 12, 2002, filed Feb. 1, 2002, entitled “Low Cost High
Efficiency Automotive Turbines; U.S. Pat. No. 6,681,557,
issued on Jan. 27, 2004, filed Feb. 1, 2002, entitled “Low
Cost High Efficiency Automotive Turbines™; U.S. Pat. No.
5,259,444, issued on Nov. 9, 1993, filed Nov. 5, 1990,
entitled “Heat Exchanger Containing a Component Capable
of Discontinuous Movement™, U.S. Pat. No. RE37134,
issued on Apr. 17, 2001, filed Mar. 25, 1995, entitled “Heat
Exchanger Containing a Component Capable of Discontinu-
ous Movement”; U.S. Publication No. 2007/0089283, pub-
lished on Apr. 26, 2007, filed Oct. 17, 2006, entitled “Inter-
mittent Sealing Device and Method”; U.S. Publication No.
2008/0251234, published on Oct. 16, 2008, filed Apr. 16,
2007, entitled” Regenerator Wheel Apparatus™; U.S. Publi-
cation No. 2009/0000761, published on Jan. 1, 2009, filed
Jun. 29, 2007, entitled “Regenerative Heat Exchanger with
Energy-Storing Drive System”; U.S. Publication No. 2009/
0000762, published on Jan. 1, 2009, filed Jun. 29, 2007,
entitled “Brush-Seal and Matrix for Regenerative Heat
Exchanger and Method of Adjusting Same”; U.S. Publica-
tion No. 2006/0054301, published on Mar. 16, 2006, filed
Dec. 16, 2004, entitled “Variable Area Mass or Area and
Mass Species Transfer Device and Method”; International
Patent Application Serial No. PCT/US2011/052051, filed
Sep. 16, 2011, and entitled, “Concentrated Solar Power
Generation Using Solar Receivers™; and International Patent
Application Serial No. PCT/US2013/031627, filed Mar. 21,
2012, and entitled “Multi-Thermal Storage Unit Systems,
Fluid Flow Control Devices, and Low Pressure Solar
Receivers for Solar Power Systems and Related Compo-
nents and Uses Thereof™.

While several embodiments of the present invention have
been described and illustrated herein, those of ordinary skill
in the art will readily envision a variety of other means
and/or structures for performing the functions and/or obtain-
ing the results and/or one or more of the advantages
described herein, and each of such variations and/or modi-
fications is deemed to be within the scope of the present
invention. More generally, those skilled in the art will
readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exem-
plary and that the actual parameters, dimensions, materials,
and/or configurations will depend upon the specific appli-
cation or applications for which the teachings of the present
invention is/are used. Those skilled in the art will recognize
or be able to ascertain using no more than routine experi-
mentation, many equivalents to the specific embodiments of
the invention described herein. It is, therefore, to be under-
stood that the foregoing embodiments are presented by way
of example only and that, within the scope of the appended
claims and equivalents thereto, the invention may be prac-
ticed otherwise than as specifically described and claimed.
The present invention is directed to each individual feature,
system, article, material, and/or method described herein. In
addition, any combination of two or more such features,
systems, articles, materials, and/or methods, if such features,
systems, articles, materials, and/or methods are not mutually
inconsistent, is included within the scope of the present
invention.
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The indefinite articles “a” and “an,” as used herein in the
specification and in the claims, unless clearly indicated to
the contrary, should be understood to mean “at least one.”

The phrase “and/or,” as used herein in the specification
and in the claims, should be understood to mean “either or
both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively pres-
ent in other cases. Other elements may optionally be present
other than the elements specifically identified by the “and/
or” clause, whether related or unrelated to those elements
specifically identified unless clearly indicated to the con-
trary. Thus, as a non-limiting example, a reference to “A
and/or B,” when used in conjunction with open-ended
language such as “comprising” can refer, in one embodi-
ment, to A without B (optionally including elements other
than B); in another embodiment, to B without A (optionally
including elements other than A); in yet another embodi-
ment, to both A and B (optionally including other elements);
etc.

As used herein in the specification and in the claims, “or”
should be understood to have the same meaning as “and/or”
as defined above. For example, when separating items in a
list, “or” or “and/or” shall be interpreted as being inclusive,
i.e., the inclusion of at least one, but also including more
than one, of a number or list of elements, and, optionally,
additional unlisted items. Only terms clearly indicated to the
contrary, such as “only one of” or “exactly one of,” or, when
used in the claims, “consisting of,” will refer to the inclusion
of exactly one element of a number or list of elements. In
general, the term “or” as used herein shall only be inter-
preted as indicating exclusive alternatives (i.e., “one or the
other but not both™) when preceded by terms of exclusivity,
such as “either,” “one of,” “only one of,” or “exactly one of.”
“Consisting essentially of,” when used in the claims, shall
have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the
phrase “at least one,” in reference to a list of one or more
elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of
elements, but not necessarily including at least one of each
and every element specifically listed within the list of
elements and not excluding any combinations of elements in
the list of elements. This definition also allows that elements
may optionally be present other than the elements specifi-
cally identified within the list of elements to which the
phrase “at least one” refers, whether related or unrelated to
those elements specifically identified. Thus, as a non-limit-
ing example, “at least one of A and B” (or, equivalently, “at
least one of A or B,” or, equivalently “at least one of A and/or
B”) can refer, in one embodiment, to at least one, optionally
including more than one, A, with no B present (and option-
ally including elements other than B); in another embodi-
ment, to at least one, optionally including more than one, B,
with no A present (and optionally including elements other
than A); in yet another embodiment, to at least one, option-
ally including more than one, A, and at least one, optionally
including more than one, B (and optionally including other
elements); etc.

In the claims, as well as in the specification above, all
transitional phrases such as “comprising,” “including,” “car-
rying,” “having,” “containing,” “involving,” “holding,” and
the like are to be understood to be open-ended, i.e., to mean
including but not limited to. Only the transitional phrases
“consisting of” and “consisting essentially of” shall be
closed or semi-closed transitional phrases, respectively, as
set forth in the United States Patent Office Manual of Patent
Examining Procedures, Section 2111.03.
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What is claimed is:

1. A concentrated solar combination heating and power
generation system, comprising:

a solar receiver comprising:

a fluid chamber comprising a fluid inlet, a fluid outlet,
and an opening for receiving concentrated solar
radiation;

a solar absorber housed within the fluid chamber; and

a transparent object that defines at least a portion of a
wall of the fluid chamber;

wherein concentrated solar radiation received through
the opening passes through the transparent object
into the fluid chamber and impinges upon the solar
absorber to produce a heated first fluid having a first
pressure that is less than 2 atmospheres;

a thermal storage unit comprising a vessel containing a
thermal storage medium therein, and having a fluid
inlet in valved fluid communication with the fluid outlet
of the fluid chamber of the solar receiver and a fluid
outlet;

a power generation system comprising:

a heat exchange system comprising at least a first heat
exchange unit, the heat exchange system positioned
downstream of the solar receiver and the thermal
storage unit and having an inlet in valved fluid
communication with the fluid outlet of the fluid
chamber of the solar receiver and in valved fluid
communication with the fluid outlet of the thermal
storage unit, such that the heat exchange system can
receive the heated first fluid selectively from either
or both of the fluid chamber of the solar receiver and
the thermal storage unit,

the heat exchange system being configured to transfer
heat from the heated first fluid to a second fluid to
produce a heated second fluid having a second
pressure, the second pressure being greater than the
first pressure; and

a gas turbine in fluid communication with and down-
stream of an outlet of the heat exchange system,
configured to receive the heated second fluid at a gas
turbine inlet and generate power therefrom; and

a heated fluid diversion outlet conduit for diverting at
least a portion of the heated first fluid away from
flowing to the power generation system, the heated
fluid diversion outlet conduit having an inlet in valved
fluid communication with the fluid outlet of the fluid
chamber of the solar receiver and with the thermal
storage unit and positioned upstream of the inlet of the
heat exchange system and the inlet of the thermal
storage unit,

wherein the heated fluid diversion outlet conduit is con-
figured and positioned to permit the heated first fluid
flowing from the fluid outlet of the fluid chamber of the
solar receiver to selectively be directed away from the
concentrated solar combination heating and power gen-
eration system without flowing through the thermal
storage unit and without flowing through the power
generation system.

2. The concentrated solar combination heating and power
generation system of claim 1, wherein the heated fluid
diversion outlet conduit is further configured and positioned
to permit the heated first fluid flowing from the fluid outlet
of the fluid chamber of the solar receiver to be recycled to
a make-up inlet conduit connected upstream of and in fluid
communication with the fluid inlet of the fluid chamber of
the solar receiver.
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3. The concentrated solar combination heating and power
generation system of claim 1, wherein the gas turbine further
comprises a gas turbine exhaust outlet in valved fluid
communication with the fluid inlet of the fluid chamber and
with the thermal storage unit, such that a substantially
uncompressed exhaust of the gas turbine having a pressure
of'less than 2 atmospheres can be selectively fed to either or
both of the fluid chamber of the solar receiver and the
thermal storage unit.

4. The concentrated solar combination heating and power
generation system of claim 1, wherein the heat exchange
system comprises a second heat exchange unit positioned in
series with the first heat exchange unit.

5. The concentrated solar combination heating and power
generation system of claim 1, wherein the power generation
system further comprises an industrial processing unit posi-
tioned downstream of the heat exchange system and having
an inlet in valved fluid communication with a second outlet
of the heat exchange system, configured to receive the
heated first fluid from the heat exchange system and gener-
ate power therefrom to operate the industrial processing
unit.

6. The concentrated solar combination heating and power
generation system of claim 5, wherein the industrial pro-
cessing unit is a water purification system, a chemical
separation system, a chemical reactor, and/or an industrial
generator.

7. The concentrated solar combination heating and power
generation system of claim 6, wherein the water purification
system is a desalination system.

8. The concentrated solar combination heating and power
generation system of claim 6, wherein the chemical sepa-
ration system is a distillation system.

9. The concentrated solar combination heating and power
generation system of claim 6, wherein the industrial gen-
erator is a steam generator.

10. The concentrated solar combination heating and
power generation system of claim 1, wherein the first
pressure is between 0.9 atmospheres and 1.1 atmospheres.

11. The concentrated solar combination heating and
power generation system of claim 1, wherein the heated first
fluid is air at ambient pressure.

12. A combination heating and power generation system,
comprising:

an industrial source of a heated first fluid between greater
than or equal to 200° C. and less than or equal to 2000°
C. and at a first pressure of less than or equal to 2
atmospheres;

a thermal storage unit comprising a vessel containing a
thermal storage medium therein, and having a fluid
inlet in valved fluid communication with a fluid outlet
of the industrial source of the heated first fluid and a
fluid outlet;

a power generation system comprising:

a heat exchange system comprising at least a first heat
exchange unit, the heat exchange system positioned
downstream of the industrial source of the heated
first fluid and the thermal storage unit and having an
inlet in valved fluid communication with the fluid
outlet of the industrial source of the heated first fluid
and in valved fluid communication with the fluid
outlet of the thermal storage unit, such that the heat
exchange system can receive the heated first fluid
selectively from either or both of the industrial
source of the heated first fluid and the thermal
storage unit,



US 12,305,888 B2

47

the heat exchange system being configured to transfer
heat from the heated first fluid to a second fluid to
produce a heated second fluid having a second
pressure, the second pressure being greater than the
first pressure; and

a gas turbine in fluid communication with and down-
stream of an outlet of the heat exchange system,
configured to receive the heated second fluid at a gas
turbine inlet and generate power therefrom; and

a heated fluid diversion outlet conduit for diverting at

least a portion of the heated first fluid away from
flowing to the power generation system, the heated
fluid diversion outlet conduit having an inlet in valved
fluid communication with the fluid outlet of the indus-
trial source of the heated first fluid and with the thermal
storage unit and positioned upstream of the inlet of the
heat exchange system and the inlet of the thermal
storage unit,

wherein the heated fluid diversion outlet conduit is con-

figured and positioned to permit the heated first fluid
flowing from the fluid outlet of the industrial source of
the heated first fluid to selectively be directed away
from the combination heating and power generation
system without flowing through the thermal storage
unit and without flowing through the power generation
system.

13. The combination heating and power generation sys-
tem of claim 12, wherein the industrial source of the heated
first fluid is an industrial hot air producing system.

14. The combination heating and power generation sys-
tem of claim 12, wherein the industrial source of the heated
first fluid is an industrial heat source supplying heat to a heat
exchanger to produce the heated first fluid.

15. The combination heating and power generation sys-
tem of claim 12, wherein the heated fluid diversion outlet
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conduit is further configured and positioned to permit the
heated first fluid flowing from the fluid outlet of the indus-
trial source of the heated first fluid to be recycled to an inlet
of the combination heating and power generation system.

16. A method of selectively generating power or heat with
a concentrated solar receiver, comprising:

flowing a fluid having a pressure less than 2 atmospheres

through the concentrated solar receiver to produce a

heated fluid; and

selectively flowing the heated fluid from the solar receiver

to each of:

a power generating system comprising a heat
exchanger configured to transfer heat from the
heated fluid to a second pressurized fluid, which is
fed to a gas turbine to generate power;

a thermal storage unit configured to store heat derived
from the heated fluid; and

a heated fluid diversion outlet conduit positioned
upstream of the power generating system and con-
figured to: (i) divert at least a portion of the heated
fluid away from flowing to the power generating
system and the thermal storage unit; and (ii) provide
heat for an industrial process, wherein the industrial
process is free of any gas turbines and is not used for
generating electrical power;

wherein each of the power generating system, the
thermal storage unit, and the heated fluid diversion
outlet conduit are fluidically connected to the solar
receiver.

17. The method of claim 16, wherein prior to flowing the
heated fluid to the heat exchange system, the heated fluid is
flowed through a combustor to increase the temperature of
the heated fluid.

18. The method of claim 16, wherein the fluid is air.
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